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Abstract
The process by which RNA molecules fold into complex three dimensional structures is a
fundamental question in biochemistry. The kinetic folding of the Tetrahymena ribozyme has been
investigated and a model for the kinetic folding pathway has been proposed where the two main
structural domains, P4-P6 and P3-P7, form in a hierarchical manner with P4-P6 forming first and
P3-P7 folding on the minute timescale. Recent studies identified a set of mutations that accelerate
P3-P7 formation, and all of these mutations appear to disrupt a kinetic trap stabilized by native
contacts in P4-P6. To better understand the microscopic details of the slow folding step, a
previously developed kinetic oligonucleotide hybridization assay was used to characterize the
folding of several fast folding mutants. A comparison of the temperature dependence of the wild
type and mutant ribozyme P3-P7 folding rates demonstrates that a majority of the mutations act by
decreasing the activation enthalpy required to reach the transition state. The denaturant urea
accelerates the rate of folding of the wild type, while for the mutants urea merely shifts the
distribution between two folding populations. The mutations do not accelerate formation of the
catalytically active structure, suggesting that there is an additional slow step on the folding
pathway. Comparison of the Mg2+ dependence of the two slow steps provides additional evidence
that they are distinct and suggests that the final slow step represents escape from a magnesium
stabilized off-pathway intermediate. The work presented in this thesis supports the emerging view
of RNA folding as an escape from a series of kinetic traps and highlights the dual role of Mg2+ in
stabilizing both the final native structure and off-pathway folding intermediates that slow folding.
The analysis of the fast folding mutants demonstrates that small structural changes or changes in
solvent can accelerate folding, but these changes lead to complex folding behavior, and do not give
rise to rapid two-state folding transitions. These results support the recent view of folding as an
ensemble of molecules traversing a rugged energy landscape to reach the lowest energy state.
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The RNA Folding Problem
The many cellular roles of RNA.
Until the discovery of RNA catalyzed reactions (Cech et al., 1981; Guerrier-Takada &
Altman, 1984; Guerrier-Takada et al., 1983; Kruger et al., 1982), RNA was seen as a passive
information carrier. In the decade since this discovery, it has been realized that RNA plays an
active role in a number of biological processes from RNA processing (Jacquier, 1997) to perhaps
even catalyzing peptide bond formation during translation (Noller, 1991) (Figure 1). Indeed, RNA
is active in almost all aspects of gene expression, and in vitro selection experiments have suggested
that RNA may be able to perform a variety of additional functions as well as those seen in the cell.
Genomic Maintenance
RNA is involved in maintaining the linear ends of chromosomes through the
ribonucleoprotein (RNP) enzyme telomerase. Telomeres are the ends of eukaryotic chromosomes
that stabilize the chromosome (Blackburn, 1991), and consist of tandemly repeated sequences of
DNA rich in guanosines. Telomeres are progressively shortened by cell division, and telomerase
maintains the length of telomeres through an RNA templated reverse transcription process that
synthesizes the telomeres. The telomerase RNA acts as the template for telomere synthesis, and
the protein component acts as a reverse transcriptase.
Gene Expression
Transcription is the first step on the path leading from an encoding sequence to a functional
protein, and proteins play the dominant role in this process. However, there are instances where
RNA plays a role in enhancing processivity and anti-termination. One example is the HIV TAR
element which binds to the Tat protein and increases transcription processivity for the viral RNA
(Frankel, 1992).
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Figure 1: The central role of RNA.
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RNA processing is generally required before translation can occur, and RNA often plays a
central role in its own modification. It is most predominantly active in the removal of intervening
sequences, the reaction ribozymes were first discovered to catalyze. Intervening sequences, or
introns, are sequences that interrupt coding sequences of genes, and are removed by the process
called splicing. RNA introns that catalyze their own excision from primary transcripts can be
grouped into four major categories based on structural features such as sequence and tertiary fold
and by their catalytic mechanisms. These categories are the group I introns, which are widespread
and found in mRNA, rRNA and tRNA genes in the mitochondrial, chloroplast, and nuclear
genomes of eukaryotes, bacteriophages, and eubacteria, but not in vertebrates; nuclear pre-tRNA
introns; the group II introns which are mainly found in eukaryotic organelles; and nuclear pre-
mRNA introns.
Pre-mRNA introns in eukaryotes are removed by the spliceosome. The spliceosome is a
large, dynamic complex consisting of five small RNAs, Ul, U2, U4, U5, and U6, which form
RNP complexes with over 50 proteins. The spliceosomal RNAs are believed to play the central
role in both spliceosome assembly and catalysis (Guthrie, 1991; Steitz, 1992). The group II
introns and the nuclear spliceosome share very similar RNA structure and splicing mechanism,
which has lead to the proposal that the two are evolutionarily related (Madhani & Guthrie, 1994;
Moore, 1993; Yu et al., 1995).
While some introns catalyze their own excision, they are not technically true enzymes as
they are not capable of multiple turnover. While these introns can often be modified to make them
capable of multiple turnover, Ribonuclease P (RNase P), a ribonucleoprotein complex that
catalyzes the removal of the 5' terminal leader sequence of tRNAs, is a true ribozyme (Altman et
al., 1995). While RNase P does contain protein as well as RNA, it has been shown that the RNA
is the catalytic molecule and can catalyze the cleavage of pre-tRNA in the absence of the protein
component in vitro (Guerrier-Takada et al., 1983).
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In addition to intron sequences that catalyze their own excision, and RNase P, there are a
number of small ribozymes generally found in small plant viruses. These include the hammerhead
ribozyme, hairpin ribozyme, and hepatitis delta ribozyme (Symons, 1992). These viruses replicate
via a rolling circle mechanism that generates long RNAs that are cleaved by the ribozymes into
monomers.
While many of these ribozymes cleave RNA via different mechanisms, and some require
protein cofactors while others do not, there is a common theme among them. All of the ribozymes
must fold into fairly complex structures and require divalent metal ions both to stabilize structure
and to aid in the cleavage reaction, and in all cases the RNA molecule is primarily responsible for
catalysis.
In addition to splicing, RNA editing can occur to post-transcriptionally modify RNA. The
editing usually consists of the insertion of additional bases (Simpson & Thiemann, 1997). The
catalytic mechanism has not yet been determined, but it may be catalyzed by protein enzymes but it
has been suggested that small RNAs called guide RNAs may also catalyze the reaction using a
mechanism similar to that of group II introns. In support of this mechanism, gRNA-mRNA
chimeric molecules have been isolated (Blum et al., 1991).
RNA is also centrally involved in the translation process. The ribosome is a large
ribonucleoprotein complex with three RNA domains and a multitude of ribosomal proteins. RNA
is involved on many levels in this process. Transfer RNA translates the three base codons to their
corresponding amino acids, and the structure and function of tRNA has been extensively
investigated (Gieg6 et al., 1993; Nissen et al., 1995; Rould et al., 1991). The ribosomal RNA
contacts the anti-codon region of tRNA (Moazad & Noller, 1990; Moazed et al., 1986), and the
tRNA acceptor stem (Barta et al., 1984; Moazed & Noller, 1989) forming the active site for
peptidyl transfer. In addition rRNA has been shown to bind both elongation factors EF-Tu and
EF-G (Moazad et al., 1988). Ribosomal 16S RNA is known to contact the Shine-Delgarno
sequence of mRNA to align the mRNA on the ribosome during initiation (Jacob et al., 1987; Shine
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& Dalgarno, 1974). Genetic experiments (Dabbs, 1991) and in vitro experiments (Franceschi &
Nierhause, 1990; Noller et al., 1992; Schulze & Nierhaus, 1982) showing that most ribosomal
proteins are not required for peptidyl transfer have led to the proposal that the RNA is in fact
responsible for catalysis.
In vitro RNA evolution
There has long been speculation about the existence of an RNA world, a prebiotic world
where RNA was the sole genetic material and catalyzed its own replication (Crick, 1968; Orgel,
1968; Woese, 1967). While evidence of this time period no longer exists, evolution in the test tube
is one method used to gain evidence that RNA based information transfer is feasible. Such
experiments called in vitro selection or evolution can also be used for a rapidly expanding number
of purposes. Selection techniques have been used to better define protein-RNA interactions such
as tRNA binding to tRNA-synthetase (Peterson et al., 1994) and the spliceosomal protein U1A to
U1 small nuclear RNA (Laird-Offringa & Belasco, 1995), as well as to find RNAs that bind tightly
and specifically to small molecules such as ATP (Sassanfar & Szostak, 1993), and arginine
(Famulok, 1994), and even to discriminate between such similar molecules as theophylline and
caffeine (Jenison et al., 1994). Selection can also be used to construct artificial phylogenies to
confirm secondary structure predictions when few sequences are known (Berzal-Herranz et al.,
1992). Selection experiments have also been used to better understand the structural requirements
of existing ribozymes (Couture et al., 1990; Doudna & Szostak, 1989; Green & Szostak, 1994),
and to evolve novel ribozymes with new functions (Beaudry & Joyce, 1992; Ekland & Bartel,
1996; Wilson & Szostak, 1995).
In vitro selection has proven to be a powerful tool in exploring RNA structure and
function. The new RNAs evolved give insight into common RNA folding motifs and help in the
understanding of the mechanisms by which RNA can catalyze a variety of reactions. Selection
techniques have also been used to design RNAs with specific characteristics for therapeutic
purposes. While the selected RNAs do not necessarily have counterparts in the cell, they do shed
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light on RNA structure and function. New catalytic RNAs have shown the ability of RNA to
catalyze reactions beyond the simple cleavage and formation of phosphodiester bonds and such
ribozymes may one day be found in natural systems.
In the decade since catalytic RNA molecules were discovered, much work has been done to
show that RNA is not the passive molecule it was once thought to be. It has been shown to play a
major role in almost all aspects of information management in the cell, and has been found to be
able to catalyze a number of additional reactions through targeted selection. There are still a
number of questions to be answered about RNAs function in large RNP complexes such as the
ribosome and spliceosome and may be other as yet unknown RNA functions in the cell.
RNA Structure and Folding
In order for RNA to carry out the many functions described above it must fold into
complex three dimensional structures. Understanding these structures and the processes by which
they form may provide insights into how they are able to carry out their function. Therefore there
is an RNA folding problem analogous to the much studied protein folding problem. What are the
structures that RNA can form? Are there common folding motifs, and how are these motifs
stabilized? What roles do cofactors such as divalent metal ions and proteins play in structural
stabilization? In addition, the process by which these structures are formed must be understood.
This requires the understanding of the pathways by which these molecules fold, analysis of any
intermediates on the pathway, and the role that metal ions play.
Small RNA structures.
Large RNA structures have been difficult to study by either NMR or X-ray
crystallography. This has lead to the study of small RNA motifs as model systems for
understanding general themes in RNA folding. The structures of small RNA helices (Baeyens et
al., 1996; Limmer et al., 1996; McDowell & Turner, 1996; Wu & Turner, 1996) and hairpin loops
(Fountain et al., 1996; Mirmira & Tinoco, 1996) have shown the importance of stacking and non-
canonical base-pairing to structure stabilization. The folding of RNA duplexes and small helices
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has also been studied and they have been found to fold on the microsecond to millisecond timescale
(Gralla & Crothers, 1973; P6rschke & Eigen, 1971). The structures of small folding motifs such
as pseudoknots (Puglisi et al., 1990; Shen & Tinoco, 1995) and hairpin loop-loop interactions
(Marino et al., 1995) have been solved, and both structures require significant bending necessary
for their biological function. The structures of RNA aptamers, RNA molecules selected in vitro to
bind specific small molecules, are interesting because they can be studied in the presence and
absence of the molecules they bind. This gives information about how conformational changes are
important to the binding process. A common fold in aptamers consists of a hairpin containing an
internal loop that contains the binding site (Dieckmann et al., 1996; Yang et al., 1996). The
internal loop is unstructured in the absence of the small molecule but becomes structured upon
binding. The structures of a number of RNA-protein complexes have been solved using the
minimal RNA sequence required for binding (Battiste et al., 1996; Puglisi et al., 1995). These
structures have given insights into both RNA structures and protein induced conformational
changes. Similar to aptamer binding of small molecules, the RNA-protein binding site usually
involves an irregular RNA helix with a widened major groove.
The structures of these small RNA motifs give molecular details of the secondary structures
possible in folded RNA. To understand higher order folding, the structures of more complex
RNAs must be solved. The hammerhead ribozyme is a small self-cleaving ribozyme from a small
RNA plant virus. The ribozyme is approximately fifty nucleotides in size, and consists of three
helices flanking a phylogenetically conserved core. The crystal structure of the hammerhead
ribozyme has been solved with an all DNA (Pley et al., 1994b) and all RNA (Scott et al., 1996)
substrate strand as well as complexed with an RNA strand containing a 2'-O-methyl modified
RNA (Scott et al., 1995) at the cleavage site that acts as an inhibitor (Figure 2A). The fold of the
hammerhead ribozyme is shaped like a wishbone with stems I and II forming the arms and stem III
and the core forming the base. A tight turn, called the U-turn due to the conserved CUGA
sequence involved, is nearly identical to a uridine turn found in the structure of phenylalanine
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tRNA (Kim et al., 1974). The cleaved phosphodiester bond is not positioned correctly for
cleavage in the structure and it has been proposed that a conformational change must occur to
achieve the transition state. These results highlight conserved folding motifs in RNA structures,
and the conformational flexibility of RNA structures that appears necessary for RNA function.
The structure of tRNA was one of the first RNA structures to be solved. Transfer RNA is
a ubiquitous molecule and is found in all cell types, and perhaps the ease of isolating this molecule
led to it being one of the earliest and most extensively studied RNAs. A secondary structure has
been determined, and an X-ray crystal structure has been solved (Kim et al., 1974; Robertus et al.,
1974). tRNAs have a common cloverleaf secondary structure and tertiary fold (Figure 2B)
composed of four short helices the D-stem, T-stem, acceptor stem and anticodon stem. The native
structure can form in the presence of sodium ions but is greatly stabilized by the addition of
magnesium. In solution tRNA has a great deal of conformational flexibility and it has been
proposed that this could help mediate it's binding to aminoacyltransferases and the ribosome
(Crothers & Cole, 1978).
The folding and magnesium binding of tRNA has been studied extensively using thermal
unfolding (Cole et al., 1972), temperature jump relaxation kinetics (Cole & Crothers, 1972), NMR
(Crothers et al., 1974), fluorescence (Lynch & Schimmel, 1974), and calorimetry (Privalov et al.,
1975). Based on these studies both an equilibrium and a kinetic folding pathway has been
proposed. Secondary structure forms first and in the presence of only sodium ions occurs in a
stepwise fashion, when magnesium is present structure formation is more cooperative. The rate
limiting step when folding is initiated by the addition of magnesium at intermediate sodium
concentrations (170 mM Na ) is formation of tertiary structure, which occurs on the millisecond
timescale. When folding is initiated from low salt conditions (12 mM Na+), the rate of folding is
much slower, on the second timescale. The high activation enthalpy for the folding led to the
proposal that under low salt conditions misfolded secondary structure forms and must be disrupted
before productive folding could occur.
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Figure 2: Three dimensional structures of three RNAs. A. The hammerhead ribozyme from
(Scott et al., 1995) B. Model of tRNA tertiary structure from (S611, 1993) C. Structure of the
Tetrahymena ribozyme P4-P6 domain from (Cate et al., 1996a).
PIabcP5abc
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Large, highly structured RNAs
The structures and folding pathways of large, highly structured RNAs is much more
complicated than those discussed above. No three dimensional structures have been determined by
NMR or crystallography for large RNAs (> 200 nucleotides), although a structure of a domain of
the Tetrahymena ribozyme has been solved (Figure 2C) (Cate et al., 1996a). Models of the three
dimensional structures of large ribozymes such as RNase P (Harris et al., 1994; Westhof &
Altman, 1994), the Tetrahymena ribozyme (Harris et al., 1994; Lehnert et al., 1996; Michel &
Westhof, 1990; Westhof & Altman, 1994), and 16S ribosomal RNA (Stem et al., 1988) have been
proposed based on both biochemical techniques and phylogenetic analysis, these models show that
large RNAs tend to have discrete folding domains. Analysis of equilibrium magnesium binding
pathways supports this view with equilibrium folding occurring in a hierarchical manner (Celander
& Cech, 1991; Pan, 1995), secondary structures close in sequence forming first followed by long
range interactions and formation of tertiary structure. Mapping of the tertiary structures using
Fe(II)-EDTA generated hydroxyl radicals measures the solvent accessibility of the RNA backbone
and has shown that in the presence of divalent metal ions such as magnesium, large RNAs have a
closely packed structure with an inside and an outside (Celander & Cech, 1991; Latham & Cech,
1989; Pan, 1995).
The folding of a few of these large RNAs has been analyzed. Both the equilibrium and
kinetic folding of RNase P have been studied. RNase P is a ubiquitous ribozyme that catalyzes the
endonucleolytic removal of the 5' leader sequences from pre-tRNA generating mature 5' ends. It
is a ribonucleoprotein complex containing an approximately 400 nucleotide RNA domain and an
approximately 120 amino acid protein domain. Both domains are needed for in vivo activity, but
in vitro at elevated magnesium concentrations the RNA domain alone can catalyze the cleavage
reaction (Guerrier-Takada & Altman, 1984; Reich et al., 1988). The protein component is thought
to facilitate helix packing, and accelerate product release (Reich et al., 1988). While RNA activity
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requires high magnesium concentrations (20 mM) folding is complete at approximately 2-3 mM
Mg2+ (Pan, 1995), therefore the protein component is not required for productive RNA folding.
The kinetic folding of RNase P RNA has been studied using both kinetic oligonucleotide
hybridization (Zarrinkar et al., 1996) and circular dichroism (Pan & Sosnick, 1997).
Oligonucleotide hybridization experiments targeted specific helices with complementary DNA
oligonucleotides and measured the accessibility to binding at various times after folding was
initiated by the addition of magnesium. In the absence of magnesium a number of short range
helices are already formed but at least one helix (the P7 helix) requires magnesium to form and
folds with a slow rate (0.5 min-l). Experiments monitoring equilibrium folding using circular
dicroism agreed with these results and found that at low magnesium concentrations (0.4 mM
Mg2+ ) helix formation occurs and higher magnesium concentrations (2 mM) are required for
tertiary structure formation. The kinetic folding was also measured and correlated with the changes
seen in the CD spectrum during equilibrium folding. The first folding phase occurs on the
millisecond timescale, and is believed to correspond to secondary structure formation. There is a
second slow step that occurs on the minute timescale and corresponds to formation of tertiary
structure, this could also correspond to the formation of P7 measured by oligonucleotide
hybridization. The slow step was found to have a high activation enthalpy (56 kcal/mol) and was
accelerated by the addition of the denaturant urea. Therefore, it was proposed to be the result of a
kinetic trap.
The ability of misfolded structures to slow RNA folding is highlighted in the study of the
folding of pre-RNA from the Tetrahymena group I intron. The pre-RNA 5'-exon sequence can
misfold after transcription, and form a helix which inhibits formation of the 5' splice site and slows
folding to the catalytically active structure (Emerick & Woodson, 1993; Emerick & Woodson,
1994). Native polyacrylamide gel experiments monitoring the conformations of RNA during
folding have showed that a large population of misfolded RNA exists after transcription and is
slowly converted to the active structure. Iterative annealing can increase the population of correctly
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folded RNA, and addition of urea can accelerate the folding process. Therefore, it has been
proposed that the folding pathway of the pre-RNA involves multiple parallel pathways resulting
from the rapid collapse of the RNA into misfolded states that must be disrupted for productive
folding (Pan et al., 1997).
Protein chaperones in RNA folding.
RNA misfolding appears to be a common problem in RNA folding and is due to the
thermodynamic stability of alternative secondary structures and tertiary interactions. Nonspecific
RNA binding proteins have been shown to facilitate splicing in vitro (Coetzee et al., 1994;
Herschlag et al., 1994; Zhang et al., 1995a), these proteins most likely act by disrupting misfolded
structures and allowing them another chance to fold to the correct structure (Herschlag, 1995).
Proteins can also specifically bind to RNA structures to promote folding to the biologically active
structure. The binding of the human U1A protein to model helices containing an internal loop
causes a sharp bend in the helix (Allain et al., 1996). The binding of the S15 ribosomal protein to
16S rRNA properly aligns a three helix junction, high magnesium concentrations can substitute for
the protein and allow alignment of the junction (Batey & Williamson, 1996). The structures and
folding pathways of a number of group I introns have been studied, the Tetrahymena ribozyme has
been the most extensively studied and is reviewed in the next section. Group I introns have a
common folded structure composed of two domains P4-P6 and P3-P7 which together form the
catalytic core of the ribozyme (Cech, 1993). Many group I introns have a variety of peripheral
domains that stabilize the core and assist in folding and some introns have protein cofactors instead
of peripheral RNA domains that appear to play the same role (Lambowitz & Pearlman, 1990). The
splicing of the Tetrahymena ribozyme is more rapid in vivo that in vitro (Zhang et al., 1995b),
leading to the suggestion that unidentified protein cofactors assist the ribozyme in cellular splicing.
The folding of two group I introns that require protein cofactors has been studied in detail,
the Neurospora crassa mitochondrial tyrosyl-tRNA synthetase (CYT- 18 protein) facilitates splicing
of the ND1 intron (Guo & Lambowitz, 1992; Mohr et al., 1994; Mohr et al., 1992; Saldanha et al.,
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1995) and CBP2 protein facilitates splicing of a yeast mitochondrial group I intron (bI5) (Weeks &
Cech, 1995; Weeks & Cech, 1996). Although both proteins stabilize the catalytic core of the
ribozyme they do so in different ways. In the absence of the CYT- 18 protein only secondary
structure is formed in the ND 1 intron, the protein binds to the P4-P6 domain stabilizing the
structure and scaffolding P3-P7 formation (Caprara et al., 1996), much like the P5abc domain in
the Tetrahaymena ribozyme (Cate et al., 1997; Mohr et al., 1994). In contrast, in the bI5 intron
folding of the core occurs transiently and is trapped in the folded state by the binding of the CBP2
protein. The CBP2 protein can only bind the properly folded intron and its main function is to
stabilize this structure (Weeks & Cech, 1996).
Common themes in RNA folding.
The studies of RNA folding detailed above highlight some common themes in RNA folding
(Figure 3). RNA secondary structure is stabilized by both stacking and base-pairing, and RNA
often adopts non-Watson-Crick base-pairing making RNA helices more irregular than DNA
helices. Tetraloops and internal loops are important in the binding of small molecules and proteins
by RNAs. RNAs can also form complex tertiary structures with compact folded domains much
like proteins can. While protein folding appears to be driven by the collapse of hydrophobic
residues, it appears that in RNA magnesium may facilitate packing of the phosphate backbone and
drive the folding process. Proteins can both substitute for magnesium to facilitate this packing,
and also act as RNA chaperones to minimize misfolding and stabilize correct structures. Folding
appears to be hierarchical with more stable secondary structures forming first, followed by
formation of tertiary structure. However, misfolded kinetic traps appear to be an important factor
in slowing folding.
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The Tetrahymena ribozyme as a model system for studying RNA
folding.
The Tetrahymena group I ribozyme was the first catalytic RNA to be discovered (Cech et
al., 1981; Zaug & Cech, 1982), and as such it is one of the best understood catalytic RNAs. The
self-splicing reaction catalyzed by the Tetrahymena ribozyme has been well studied, and a
mechanism proposed. A model for the three dimensional structure has been proposed based on
extensive biochemical analysis and phylogenetic comparison (Lehnert et al., 1996; Michel &
Westhof, 1990). The detailed information about the structure and function of this catalytic RNA
makes it an ideal system for studying RNA folding.
Function
The Tetrahymena group I intron was first discovered through studies of intervening
sequences in pre-rRNA. A catalytic activity that removed the intron from rRNA exons could not
be purified from the RNA fraction, this catalytic activity turned out to be the RNA itself and the
first ribozyme was discovered (Cech, 1990). Since its discovery, much work has been done to
determine the mechanism of the self-splicing reaction. The self-splicing proceeds by two
consecutive transesterification reactions. The first transesterification occurs when a guanosine
bound to the ribozyme attacks the phosphorus atom of the 5' splice site and forms a 3',5'-
phosphodiester bond to the first nucleotide of the intron. This leaves a free 3' hydroxyl at the 5'-
splice site and after a conformational rearrangement this hydroxyl attacks the 3' splice-site leading
to ligated exons and an excised intron which can then undergo further cyclization reactions (Cech,
1993).
A number of cofactors are necessary for self-splicing to occur. Divalent metal ions are
necessary for structure formation and activity, and the metal requirement is usually filled by Mg2 +.
The other divalent metals Mn2+, Ca2+, Sr 2+, nd Ba2+ can relieve the Mg2 + requirement for
structure formation, but only Mn2+ can substitute for Mg2+ in terms of the activity requirement.
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Figure 4: Tetrahymena riboyzme function. Adapted from Herschlag and Cech (1990a).
A. self-splicing. B. endonuclease cleavage.
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For optimal activity, guanosine, or one of its 5'-phosphorylated forms (GMP, GDP, or GTP) is
required. However, in the absence of guanosine a less efficient hydrolysis reaction can occur.
The Tetrahymena ribozyme has a short duplex (4-7 nts) called the P1 helix (Been & Cech,
1986; Waring et al., 1986; Zaug et al., 1986) that specifies the 5' splice site. The 3' sequence of
this helix is also called the internal guide sequence (IGS) as it properly aligns the P1 helix in the
substrate binding pocket and sets up cleavage at the appropriate phosphodiester bond. The only
direct sequence requirement in this region is a G:U wobble base pair formed between a U at the 3'
end of the exon and a G located in the IGS at a phylogenetically conserved position at the
exon/intron boundary (Michel & Westhof, 1990). The P1 helix is correctly positioned in the
catalytic core by a number of tertiary interactions between the helix and conserved sequence
elements within the ribozyme active site. These interactions include contacts from 2'-hydroxyls of
the nucleotides in the P1 helix and a sequence specific tertiary contact to the exocyclic amine of the
G:U wobble pair (Bevilacqua & Turner, 1991; Pyle & Cech, 1991; Strobel & Cech, 1993; Strobel
& Cech, 1996; Strobel et al, 1998).
The Tetrahymena intron has been modified to generate a true ribozyme capable of multiple
turnover (Zaug et al., 1986; Zaug et al., 1988). The intron has been shortened at both the 5' and
3' ends. Deletion of 21 nucleotides from the 5' end removes unnecessary sequences from the P1
helix and allows binding and cleavage of an RNA substrate added in trans, and deletion of five
nucleotides from the 3' end removes the 3' splice site and prevents the G at the 3' splice site from
participating in the reaction. The resulting ribozyme is referred to as the L-21 Sca I ribozyme due
to the removal of the 21 bases from the 5' sequence and its transcription from a plasmid template
linearized by the Sca I enzyme. The L-21 Sca I ribozyme can cleave an exogenous RNA substrate
in vitro in the presence of moderate concentrations of Mg2+, and the enzymatic activity of this
modified form of the intron has been well studied (Herschlag & Cech, 1990a; Herschlag & Cech,
1990b). Under multiple turnover conditions, the rate limiting step in the reaction is product release
with a rate of .1 min -1, consistent with the evolution of the full length intron to perform only a
The RNA Folding Problem
kon =10 M' miri'
KdS =5nM
fast
KdG=lmM
k fast KdP=2nM
' ERGA5 --- E*P A r E
koff =0.1 min 1
Figure 5: Kinetic mechanism for the L-21 Sca I ribozyme. Adapted from Herschlag and Khosla
(1994). E is the ribozyme, S is the substrate (CCCUCUA5), GA5 and P (CCCUC) are the
reaction products, and G is the guanosine cofactor.
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single self-splicing event. When substrate concentrations are subsaturating, the rate limiting step is
substrate binding and the rate of chemistry is 350 min -1. The kat/KM for the ribozyme is 9 x 107
M-1min 1 , while this is below the diffusional limit of 1011 M1min-1 for collision of small
molecules it is similar to the rate constants for helix formation between two oligonucleotides.
Experiments monitoring binding using a fluorescently labeled substrate have shown that binding is
a two step process involving simple helix formation followed by a conformational change that
docks the substrate helix onto the catalytic core (Bevilacqua et al., 1992). It is possible to monitor
multiple steps in the cleavage reaction through varying the pH, GTP concentration, and
concentration of substrate and enzyme, and this ability is useful in studying the formation of
catalytically active ribozyme structure.
Structure
The ability to fold into a complex three dimensional structure is required for the
Tetrahymena ribozyme to catalyze the splicing reaction. The structure of the ribozyme has been
well studied and models of both the secondary structure and the tertiary structure have been
proposed (Burke et al., 1987; Lehnert et al., 1996; Michel & Westhof, 1990). All group I introns
share a conserved catalytic core and are defined by the presence of conserved sequences and
secondary structure motifs (Davies et al., 1982; Michel et al., 1982). A secondary structure
representation for the Tetrahymena ribozyme that also depicts elements of the tertiary structure is
shown in figure 6 and a model for the three dimensional structure is shown in figure 7. The
catalytic core consists of two structural domains, the P4-P6 domain consisting of coaxially stacked
helices P4, P5, and P6, and the P3-P7 domain consisting of coaxially stacked helices P7, P3, and
P8. These two domains are aligned by two sets of nucleoside triple interactions called the triple
helical scaffold. The nucleoside triples involve interactions between P4 and J6/7, and P6 and J3/4
and are supported by mutational analysis and covariations in phylogeny (Michel et al., 1990). The
P4-P6 and P3-P7 domains form a cleft that binds the P1 substrate helix, and this binding is
stabilized by contacts between 2-hydroxyl groups from the P1 helix and the P4 helix. The
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Figure 6: The secondary structure of the Tetrhaymena ribozyme. The major folding domains
and important tertiary contacts are boxed and labeled.
Figure 7: Proposed model for the three dimensional structure of the Tetrahymena ribozyme. The
P4-P6 domain is shown in magenta, the P3-P7 and P9 domains are shown in blue, and the P2-
P2.1 domain is shown in yellow.
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ribozyme is also stabilized by a number of peripheral domains, P5abc, P2/2.1, and P9. P5abc
contacts and stabilizes the P4/P6 domain. P2/2.1 consists of coaxially stacked P2 and P2.1 helices
and wraps around and stabilizes the core. Additionally the loop of P2 forms tertiary contacts with
the loop of P5c, while the loop of P2.1 contacts the loop of P9.1a.(Lehnert et al., 1996) Domain
P9 is composed of helices P9, P9.1, and P9.2 and is thought to lock the P3-P7 core domain into
place.
The P4-P6 domain (including the P5abc domain) has been shown to fold in isolation
(Murphy & Cech, 1993; Murphy & Cech, 1994), and when the other structural domains are added
in trans catalytic activity can be reconstituted. Recently a crystal structure of this isolated domain
was solved (Cate et al., 1996a; Cate et al., 1996b) and is shown in figure 10. The crystal structure
gives much information about both the tertiary structure of the Tetrahymena ribozyme, but also
about common structural motifs in RNA folding such as tetraloop-receptor contacts, backbone-
backbone contacts and Mg2+ binding sites. The P4-P6 domain structure consists of two helical
regions packed side by side. P6b, P6a, P6, P4 and P5 form a straight column followed by a 150"
bend facilitated by the J5/5a internal loop and allowing the P5abc three-way junction to pack
against the P4 and P6 helices. P5a and P5b are stacked causing P5c to protrude from the stacked
structure. There are two tertiary interactions that act as clamps to hold P5abc and P4-P6 together.
The first of these is an A rich bulge in P5a that is conserved and makes structural interactions
critical to the proper folding of the domain. In the crystal structure, this bulge makes a corkscrew
turn that flips out the bulge bases allowing them to interact with both P4 and the three-helix
junction. Phosphates in the backbone are very close together and require the binding of at least
two and as many as five magnesium ions. The second tertiary interaction is between the P5b
GAAA tetraloop and an eleven nucleotide receptor in J6a/6b. A similar tetraloop/receptor
interaction was found in the crystal structure of the hammerhead ribozyme (Pley et al., 1994a).
The loop docks in the minor groove of the P6a helix, and the three adenine bases are stacked on the
bases on the 5' side of the tetraloop receptor helix forming an A-platform motif. A side-by-side
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configuration of the adenosines results in a kink in the ribose backbone that opens the minor
groove of the tetraloop receptor allowing the stacking to occur. The close packing that these two
tertiary contacts mediate emphasizes the importance of magnesium ions in charge neutralization.
While the crystal structure gives a number of new insights into RNA structure, there are still many
questions about how these structures are formed. These questions must be addressed by
experiments mapping out the folding pathways of RNA molecules.
Folding
The folding of RNA into complex three dimensional structures requires the presence of
magnesium ions. The magnesium induced folding pathway of the Tetrahymena ribozyme is the
pathway most often studied. Initializing folding by adding magnesium can be seen as analogous to
the process of initializing protein folding by decreasing the concentration of denaturants. There are
folding steps prior to the addition of magnesium, namely the formation of secondary structure, but
formation of secondary structure is rapid (msec-gsec timescales (Cole & Crothers, 1972)) and has
been studied in other simpler RNA systems such as tRNA and short RNA helices (Pirschke &
Eigen, 1971). The unfolding of the Tetrahymena ribozyme has been analyzed using thermal
unfolding monitored by UV absorption and chemical mapping (Banerjee et al., 1993). These
studies identified two major transitions in the thermal unfolding pathway and used chemical
mapping to identify a high temperature transition as the unfolding of tertiary structure, and a lower
temperature transition as the unfolding of secondary structure. This data suggested that the tertiary
interactions are weaker than the secondary interactions and that the secondary structure dominates
the free energy of folding.
The magnesium induced equilibrium folding pathway has also been analyzed. Free radicals
produced by solvent-based Fe(II)-EDTA have been used to map regions of structure protected
from solvent in the presence of varying concentrations of Mg2 + (Celander & Cech, 1991; Latham
& Cech, 1989). The hydroxyl radicals interact with the ribose sugar of the RNA backbone
resulting in sequence-independent strand scission, and the accessibility of the hydroxyl radical
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probe is a good indication of solvent accessibility. The protection pattern of the Tetrahymena
ribozyme supports the existence of higher order compact structure with an inside and an outside.
Based on the Fe(II)-EDTA protection data an equilibrium folding pathway has been proposed. In
the absence of magnesium, some secondary structure is formed but long range helices P3 and P7
are not. The P5abc region is the first to fold at low Mg2+ concentrations (0.6 mM) with the Hill
coefficient of 3 (Murphy & Cech, 1993), followed by formation of the catalytic core at higher
Mg2+ concentrations (0.9 mM) with a Hill coefficient of 8. The crystal structure of the P4-P6
domain has shown that the P5abc domain binds five magnesium ions, which correlates well with
the Hill coefficient for this region. It has been suggested that the binding of these ions drives
folding in much the same way that hydrophobic collapse drives protein folding (Cate et al., 1997).
The Fe(II)-EDTA assay for structure formation allowed the analysis of the importance of
the peripheral domains in stabilizing the structure. The P4-P6 domain, including the P5abc
subdomain, has been shown fold to its native structure in the absence of the rest of the ribozyme at
normal magnesium concentrations (Murphy & Cech, 1993). Therefore, the P4-P6 domain is an
independent folding domain, and RNA folding appears to have a modular organization much like
proteins. The magnesium dependence of P3-P7 folding is slightly increased when the P9 domain
is absent, indicating that the P9 domain plays a role in stabilizing this region of the core. The
magnesium dependence of P4-P6 folding is unaffected by the absence of the P9 domain, but the
P4-P6 domain is more destabilized by mutations in the P5abc region when the P9 domain is
absent. Therefore, it appears that P9 also plays a minor role in stabilizing the P4-P6 domain as
well.
The modular nature of the ribozyme is shown by experiments that divided the ribozyme
into three domains that when reconstituted in trans can self-assemble into a catalytically active
structure (Doudna & Cech, 1995). The three domains are held together mainly by tertiary
interactions. Recovery of activity in the three piece system required the correct positioning of the
bases involved in the three helix junction, highlighting the importance of the three helix junction in
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properly aligning the P4-P6 and P3-P7 domains. The ability of the three piece ribozyme system to
self-assemble led to another question about folding, do the three domains fold independently and
then assemble through the tertiary interactions or is there an order to the folding process? Fe(II)-
EDTA mapping of the three separate domains showed that only the P4-P6 domain could fold
independently (Doherty & Doudna, 1997), P3-P7 showed no evidence of higher order folding
unless P4-P6 was present. This led to the proposal that a folded P4-P6 domain is required to
template folding of the rest of the ribozyme, and indicated that at least equilibrium folding
proceeded in a hierarchical manner.
While the equilibrium folding pathway can give information about structures that may
correspond to kinetic intermediates, it cannot define the kinetic folding pathway. To define a
kinetic folding pathway folding rates must be measured directly. A kinetic oligonucleotide
hybridization assay was developed in the Williamson laboratory to measure rates of RNA folding
(Zarrinkar & Williamson, 1994). This technique takes advantage of changes in the accessibility of
sequences to complementary DNA oligonucleotides after folding (Figure 8). Different regions of
the RNA can be studied specifically and independently by using probes with the appropriate
complementarity. While the accessibility to probe binding is mainly determined by secondary
structure formation, tertiary structure formation can also be monitored indirectly if it is required to
stabilize secondary structure. Folding is initiated by the addition of Mg2+, and the fraction of RNA
accessible to oligonucleotide binding is determined as a function of folding time by cleavage of the
oligonucleotide-RNA complexes with RNase H. The reaction is in effect a rapid quench
experiment that measures the fraction of RNA that remains unfolded at any given time after folding
is initiated. To ensure that the fraction of RNA uncleaved accurately reports the fraction of RNA
folded four kinetic conditions must be met: 1) the rates of probe hybridization and RNase H
cleavage must be rapid compared to the folding rate, 2) sufficiently high probe concentrations
must be used so that all accessible RNA is bound, 3) RNase H cleavage must be much faster than
dissociation of the RNA-probe hybrid, and 4) unfolding under native conditions must be slow
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compared to folding. The oligonucleotide hybridization folding assay was developed to meet all of
these conditions.
Based on data from the oligonucleotide hybridization assay a folding pathway for the
Tetrahymena ribozyme was proposed and is shown in Figure 9. One limitation of this assay is that
only steps that occur after Mg2+ addition and steps that result in the change of accessibility to the
oligonucleotide probes can be measured. Therefore, the pathway starts with denatured RNA (D)
and a number of steps leading to secondary structure are represented and lead to the formation of
an intermediate Iu. When probes targeting the P4-P6 region were added at the same time as Mg2+
approximately sixty percent of the RNA molecules were inaccessible to probe binding and RNase
H cleavage. If limited cleavage were due to similar rates for folding and probe binding, the extent
of cleavage should increase with increasing concentrations of probe. The extent of cleavage was
unaffected by increased concentrations of oligonucleotide probes. It appears that the population of
unfolded molecules is heterogeneous with only a subpopulation of molecules accessible to probe
binding. If probes targeting P4 or P6 are added before the addition of Mg2+, the extent of cleavage
increases to above eighty percent. Therefore, it was proposed that there is an equilibrium between
two conformations, one inaccessible to probe binding that can fold rapidly, the other that must fold
slowly. These two populations are represented by Iu and Il on the folding pathway, since they
may not represent a productive step on the pathway they are in brackets. While the amplitude of
the folding phase was too small to measure accurately the magnesium dependence of the rate of
P4/P6 folding, magnesium is required for folding and the requirement is indicated on the pathway.
There is an intermediate (12) on the pathway in which P4-P6 is folded and P3-P7 is not. This
intermediate is evident because the rate of folding for P3 and P7 (0.7 min-1) is slow compared to
the rate for P4-P6 folding. P3 and P7 both fold with the same rate, but additional experiments
were needed to determine if P3 and P7 folded cooperatively. Mutations in P3 that increased the
magnesium requirement for folding also increased the magnesium requirement for P7, and
mutations in P7 that increased the magnesium requirement for P7 folding also increased it for P3
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folding. This indicates that P3 and P7 fold in a interdependent manner. Magnesium is required for
P3-P7 formation, but the folding rate is independent of magnesium concentration. This suggests
the presence of a slow unimolecular rearrangement leading to the formation of another intermediate
on the folding pathway (13) and followed by a rapid magnesium binding step. Mutations in the
triple helical scaffold slow the folding of P3-P7 indicating that the triple helical scaffold is formed
during the slow step. The slow unimolecular rearrangement leading to P3-P7 formation was
determined to be the slowest step on the folding pathway by also measuring the rate of formation
of the catalytically active structure. This assay measures the slowest step on the folding pathway
and the rate for formation of the catalytically active structure was 0.6 min-1, within error of the rate
of P3-P7 formation.
The proposed folding pathway has been supported by a number of subsequent
experiments. Ultra-violet inducible crosslinking experiments have been used to explore the folding
of the Tetrahymena ribozyme (Downs & Cech, 1990; Downs & Cech, 1996). When RNA is
subjected to short-wave UV light (Xmax = 254 nm) aromatic electrons of the heterocyclic bases are
excited and can form new chemical bonds with other nucleotides. If crosslinks are formed
between bases far apart in the linear sequence, they can report on the formation of tertiary
structure. Such crosslinking was shown to form three primary crosslinked adducts in the folded
structure of the ribozyme; between the P2 and P2.1 helices showing stacking of the two helices, at
the bend in J5/5a, and in the triple helical scaffold that implies the presence of non-native structure.
A folding assay was used to monitor the rate of folding based on the rate of adduct formation after
initiation of folding by addition of magnesium. Formation of the bend in J5/5a occurred first,
followed by formation of the non-native structure in the triple helical scaffold. This non-native
structure eventually decreased, with approximately the same rate as formation of the P2/P2.1
crosslink. All folding was completed with a rate of 0.82 min-1, consistent with the rate of the
slowest step measured by the oligonucleotide hybridization assay.
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A more detailed understanding of the folding rates for P4-P6 has come from time-resolved
hydroxyl radical footprinting experiments (Sclavi et al., 1998; Scott et al., 1995). These
experiments used the same hydroxyl radical mechanism of cleavage of the phophodiester backbone
as in Fe(II)-EDTA footprinting, however the hydroxyl radicals are generated using high flux x-ray
beams. The use of x-ray generated hydroxyl radicals allows footprinting to be accomplished with
millisecond time resolution. The P5abc region, specifically the A-rich bulge and P5b tetraloop-
receptor tertiary interactions, was the first to form with rates of 1.5 s-1, the rest of the P4-P6
domain forms next with rates of 1 s1. This is consistent with the proposal that Mg2+ induced
folding of the P5abc region nucleates folding of the rest of the ribozyme. Protection in the P2-
P2.1 and the P9 domains occurs next with a rate of 0.3 sec -1, this leads to an intermediate with
folded P4-P6 domain stabilized by peripheral domains P2 and P9 but a largely disorganized P3-P7
domain. The P3-P7 domain folds with a slow rate of 1 min-1 and leads to further protections on
the face of P4 and P6 helices where P3-P7 packs.
Once the ribozyme structure is folded, the substrate must bind to the internal guide
sequence and form the P1 helix and the P1 helix must dock into the catalytic core. The rates of
these steps have been addressed using fluorescently labeled substrate molecules to monitor the
binding of substrate (Bevilacqua et al., 1992). The binding was found to be a two step process,
with simple helix formation occurring first with a rate of 3.9 x 106 M-1s-1 that is the rate expected
for simple helix formation. Once the duplex is formed, a conformational change leading to
docking of the P1 helix by tertiary contacts (see Structure section) occurs with a rate of 2.5 s1.
These data yield an overall picture of the steps along the folding pathway of the
Tetrahymena ribozyme, and the rates at which these steps occur. The folding is a multistep
process that occurs in a hierarchical manner with P4-P6 templating formation of P3-P7 and
requiring peripheral folding domains to stabilize the overall fold. There is at least one slow step on
the folding pathway, and perhaps one non-native intermediate. However, the details of what
makes the folding of P3-P7 slow were still in question. Small RNA molecules such as tRNA are
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known to fold on the millisecond timescale. One domain of the Tetrahymena ribozyme can fold on
the millisecond timescale, why doesn't the entire structure fold this fast?
Mutations that accelerate folding can provide insight into the mechanistic basis of slow
folding steps (Rothwarf & Scheraga, 1996). Therefore, an in vitro selection procedure was
developed to identify mutant Tetrahymena ribozymes in which the slow P3-P7 folding step is
accelerated (Treiber et al., 1998). Ribozymes that folded rapidly after Mg2  addition were selected
from a pool of RNAs containing an average of four mutations per molecule. Slow folding RNAs
were selectively depleted from the pool by kinetic oligonucleotide hybridization using probes
targeting P3 and P7. A step was included in each cycle of selection to ensure that fast-folding
mutants formed an intact catalytic core. After nine rounds, the folding rate of the pool had
increased by a factor of four over the initial pool and by a factor of two over wild type. The pool
was then analyzed and four point mutations that all localized to the P5abc region of the P4-P6
domain were found to accelerate P3-P7 folding: A183U, A171G , +G174 (a mutant in which a G
is inserted at position 174), and U167C. Each of these mutations can disrupt tertiary interactions
that are important for P4-P6 formation. A183 is located in the highly conserved A-rich bulge and
makes two hydrogen bonds that bridge the helical stacks in P4-P6 (Cate et al., 1996a). A171 is
part of an adenosine platform motif in the loop of P5c (Cate et al., 1996a; Cate et al., 1996b) and is
proposed to be involved in a pairing between L5c and the loop of P2 (Lehnert et al., 1996). In the
+G174 mutant, addition of an extra guanosine could disrupt the base pairing or pairing register of
P5c, and the U167C mutation disrupts basepairing in P5c. The localization of these mutations to
one structural subdomain suggested a common mechanism of action. The mutations do not greatly
affect either the catalysis or the stability of P3-P7. Although P5abc makes no direct contacts with
P3-P7 in the three dimensional structure model, and the P4-P6 domain aquires its native structure
prior to P3-P7 formation, positions in P5abc influence the folding rate of P3-P7.
The P5abc mutations are all found in positions that could disrupt the magnesium core of
P4-P6 that is believed to nucleate P4-P6 folding. Since atom changes that disrupt the Mg2+
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Figure 10: The structure of the P4-P6 domain. Structural features are labeled. The mutations that
accelerate P3-P7 folding are shown in red.
P5
P4
P6
SLOW
Kinetic trap
Fast folding
mutations
P4-P6
Unstable
intermediate
Figure 11: Model of a kinetic trap that slows P3-P7 folding. A kinetic trap stabilized by native
structure in the P4-P6 domain slows formation of P3-P7. The mutations destabilize the P4-P6
domain and allows rapid formation of the P3-P7 domain.
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binding sites destabilize the entire P4-P6 domain, destabilization of P4-P6 in 12 may accelerate P3-
P7 formation. In support of this theory, the A186U mutation, a known mutation that destabilizes
P4-P6 formation, was found to accelerate P3-P7 folding as well. Since destabilization of native
P4-P6 accelerates P3-P7 formation, it was proposed that 12 is a kinetic trap. This trap contains
both native (P4-P6) and non-native (P3-P7) interactions; it also corresponds well with the non-
native structure found in the UV crosslinking experiments. Each of these structural features may
restrict the conformational flexibility of 12 and slow P3-P7 formation. Therefore, it appears that
native structure formation in P4-P6 slows the formation of P3-P7.
Probing Kinetic Folding Barriers
Understanding the nature of the kinetic barriers to folding can help to explain the
fundamental steps required for RNA folding. The position of the mutations in the P5abc region
lead to the hypothesis that a kinetic trap stabilized by native contacts slows P3-P7 folding in the
Tetrahymena ribozyme, but additional evidence is required to confirm the presence of a kinetic
trap. The effects of mutations, temperature, magnesium, and denaturants on P3 folding in the wild
type ribozyme were analyzed to explore the kinetic folding pathway and to determine the molecular
nature of the kinetic barrier to P3 folding.
The effect of the selected mutations on the kinetic folding of the P4-
P6 and P3-P7 domains.
The folding of the P4-P6 and P3-P7 domains was measured for the wild type and four of
the fast folding mutant ribozymes (Al 83U, A171G , +G174 (a mutant in which a G is inserted at
position 174), and U167C) using the kinetic oligonucleotide hybridization assay. This assay
measures the time dependence of changes in the accessibility of the ribozyme to complementary
oligonucleotide probes. Probes targeting the P6 helix report on the folding of the P4-P6 domain,
while probes targeting the P3 helix report on the folding of the P3-P7 domain. For the kinetic
hybridization assay to accurately reflect folding, the rates of probe hybridization must be rapid
compared to the folding rate and all accessible RNA must be bound by the probe and cleaved by
RNase H. Since the mutations may affect probe binding, control experiments testing the extent of
cleavage of unfolded mutant RNA at a series of concentrations of oligonucleotide probe were
performed for probes targeting P3 and P6 (Figure 12B and 13A). These controls showed that the
mutations do not affect probe binding, and that at concentrations between 20 and 100 p.M of the P3
oligonucleotide greater than 90 percent of the RNA was cleaved. A higher concentration of probes
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targeting P6 (200 gM) was required for maximal cleavage, and only 60 percent of the RNA was
accesible to cleavage in both the wild type and mutant ribozymes.
Once it was determined that the mutations do not perturb the folding assay, the folding rates
of the P3-P7 and P4-P6 domains were measured. The folding of the P3-P7 domain is accelerated
by the mutations (Figure 14A), while the folding of the P4-P6 domain appears unchanged by the
mutations (Figure 14B). It appears that the mutations affect only P3-P7 folding, therefore folding
experiments focused on the folding of the P3-P7 domain.
The mutations that accelerate P3-P7 folding are clustered in the P5abc subdomain of the
ribozyme, because of this clustering it was hypothesized that they share a common mechanism for
accelerating folding. The kinetic traces for P3 folding of the four fast folding mutants are shown in
Figure 15. While the P3 folding rates were very similar for the four mutants, the A183U and
A171G mutants appear to fold with biphasic kinetics. The amplitude of the slow phase varied in
different folding experiments from ten to thirty percent. To determine if the data were best fit by
single or double exponential curves the data from at least three experiments was averaged and the
standard deviation of the fraction folded at each time point was determined. Linear least squares
analysis was used to fit the average data to both single exponential and double exponential kinetic
curves. The standard deviation for each time point was used as a weighting factor to determine the
goodness of fit and to obtain errors for the amplitudes and rates measured. Based on this
procedure, the U167C and +G174 mutants were determined to be best fit by a single exponential,
while the A171G and A183U mutants were best fit by double exponentials. It appears that in the
A171G and the A183U mutant ribozymes there are two folding populations, one which folds
rapidly (= 10 min -1) and a second which folds slowly (= 0.7 min-1). While the slow rate is very
similar to the rate for wild type P3 folding it does not appear that the slow population is following
the wild type folding pathway (see temperature dependence section), it may instead reflect a
fraction of the molecules in which the mutations stabilize a misfolded structure.
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Figure 14. Folding of the P3-P7 domain is accelerated by the fast folding mutations (A) while
folding of the P4-P6 domain is unaffected (B).
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The temperature dependence of folding.
We wished to determine how the fast folding mutations affect the kinetic barriers to P3
folding. The temperature dependence of a folding rate can give information about the height of an
activation energy barrier by giving values for the activation enthalpy and entropy of folding
(Oliveberg et al., 1995). Activation enthalpy can be correlated to energy required to break bonds
or disrupt structure to achieve the transition state (Tinoco et al., 1995). A high activation enthalpy
and a low activation entropy are characteristic of unfolding in proteins, and would be indicative of
the presence of a kinetic trap in a particular folding step. Therefore, the rate of wild type P3
folding at various temperatures was measured and compared with the rates for the selected fast
folding mutants.
To measure magnesium induced folding the RNA must first be annealed to form the correct
secondary stucture. When folding experiments were performed at low temperatures (< 27"C) the
annealing conditions were found to have an effect on the folding rates of both P3 and P6 (fig. 16).
If the concentration of Na+ was lower than 2 mM the rate of both P3 and P6 folding slowed, and
the extent of cleavage of P6 at the zero timepoint increased. At 37'C, the concentration of sodium
in the annealing mixture did not affect the rate of folding. The change in the rate most likely
reflects misfolded secondary structure at low sodium, but as we wished to explore only the
magnesium induced folding pathway annealing was always performed in the presence of 2 mM
Na+.
When the annealing buffer contained 2 mM Na+ the rate of P6 folding was independent of
temperature. However, the amplitude change for folding was very small and the majority of the
change occurs in the dead time of the folding experiment (5 seconds). There may be a temperature
dependence that cannot be measured by the oligonucleotide hybridization assay.
The temperature dependence of the P3 folding rates for the wild type and mutant ribozymes
is shown in Figure 17. The data was analyzed using Eyring transition state theory, and plots of
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Figure 16. The effect of annealing conditions on the folding rate of P3 and P6.
A. P3 folding (0) annealing in 0.2 mM Na+, ([) annealing in 2 mM Na+
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ln(kobs/T) vs 1/T were fit to equation 1
ln(kobs/T) = ln(kB/h) - AH*/RT + AS*/R (1)
kobs = observed folding rate T = Temperature, "K
kB = Boltzman constant h = Planks constant
AH* = activation enthalpy AS* = activation entropy
R = gas constant
to obtain values for the activation enthalpy and entropy for P3 folding (table 1). For the mutants
with biphasic folding only the fast folding rates were fit to the Eyring equation because only the
fast folding population gives information on how the mutants evade the kinetic trap.
The temperature dependence of the rate of P3 folding for wild type ribozyme is linear and
has an activation enthalpy for P3 folding of 23±0.6 kcal/mol, which agrees with previously
measured values (Downs & Cech, 1996; Zarrinkar & Williamson, 1994). This indicates that
bonds must be broken, or that structure must be disrupted, to reach the transition state. The wild
type has an activation entropy of 8.0-1.9 cal/mol-K, which indicates that achieving the transition
state for P3 folding is favorable entropically. These values are consistent with the unfolding of an
intermediate occurring during the P3 folding step.
Since mutations that disrupt native tertiary contacts accelerate P3-P7 formation (Treiber et
al., 1998) , we hypothesized that the large AH* for wild type P3 folding was due to the need to
disrupt these interactions to reach the transition state. We expected that the mutant ribozymes
would have a reduced activation enthalpy for P3 folding since these contacts were already
disrupted or destabilized. Three of the four mutations (+G174, A183U, and A171G) decrease the
activation enthalpy for P3 folding at the temperature at which the mutants were identified (37°C).
The Erying plots for the A183U, A171G, and +G174 mutant ribozymes have many features in
common. At temperatures above 22"C, the activation enthalpy is markedly reduced compared to
the activation enthalpy of the wild type ribozyme (fig. 17 C,D, and E and Table 1). This indicates
that less structure needs to be disrupted during P3 folding in the mutants than in the wild type.
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Table 1. Activation enthalpy and entropy of ribozyme folding.
AG* AH* ASt
ribozyme (temp) kcal/mol kcal/mol cal/mol-K
wild type (37"C) 20.5±0.8 23.0±0.6 8.0±1.9
wt + 2M urea (37C) 19.8±3.2 15.0±2.1 -15.6±8.0
U167C (37"C) 19.6±2.0 23.5±1.4 12.7±4.8
A171G > 22"C (37C) 19.9±2.0 -1.3±1.4 - 65.6±4.4
< 22"C (100C) 19.4±2.5 36.7±1.8 61.4±6.1
+G174 > 22C (37-C) 19.2±2.7 5.6±1.9 -43.9±6.0
5 220 C (100C) 19.1±2.5 35.4±1.8 57.6±6.2
A183U > 22"C (37-C) 19.0±1.5 -3.5±1.1 -73.0±3.5
5 220C (100C) 19.2±1.2 27.7±0.9 29.8±3.0
A183U +2M urea
fast phase (37 0C) 19.1±1.1 -3.5±1.1 -73.0±3.5
slow phase (37 0C) 19.9±2.3 50.0±1.6 97.2±5.4
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The A183U and the A171G mutants both folded with biphasic kinetics at temperatures
between 37C and 22"C. At lower temperatures folding occurred in a single phase but only 50-
60% of the population folded to completion, perhaps indicating that the slow folding population
does not fold at very low temperatures. While the rates of the slow phases at 37C were similar to
that of the wild type, the temperature dependence of the slow phase is flat while that of the wild
type is steep, suggesting that the two steps monitor different folding events.
In the Erying plots for +G174, A183U, and A171G there is a break in the temperature
dependence at 22"C. Kinks or curvature in these plots are caused by a change in the activation
enthalpy with temperature, which may be due to a difference in the heat capacity between the
ground and transition states, temperature-induced changes in the ground state, a change in the rate
limiting step, or some combination of these three mechanisms (Oliveberg et al., 1995). The Eyring
equation can be modified to account for a heat capacity change during folding as shown in equation
2.
ln(kobsf) = ln(kB/h) - AHt(To)/RT + AS*(To)/R - ACp*(T-To)/RT + ACp*ln(T/To)/R (2)
kobs = observed folding rate T = Temperature, "K
To = reference temperature kB = Boltzman constant
h = Planks constant AH* = activation enthalpy
AS* = activation entropy R = gas constant
The plots were also fit to the modified equation and the fits are shown in Figure 17 as dashed lines.
Since the experimental temperature range is rather small, the fits of the data to theoretical curves are
not sufficient to conclude that the breaks in the plots are caused by a change in the heat capacity.
The fits give a ACp* for P3 folding in all three of the mutant ribozymes of approximately 1000
cal/mol-K, which is comparable to that found for folding of fairly large proteins (Tan et al.,
1996). It is appears that the break in the data is somewhat sharper than the fit to equation 2, and at
higher temperatures where the fit predicts a decreased rate of folding, the rate of folding is actually
still increasing. At temperatures above 55C the rate is faster than can accurately be measured by
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our folding assay (= 15 min-1). Therefore, it is more likely that the nonlinearity of the Eyring plots
is representative of a change in mechanism for folding rather than a change in the heat capacity.
In contrast to the other mutants, the temperature dependence of the P3 folding rate of the
U167C mutant is similar to that of the wild type (fig. 17 B), with AH* = 23.5±1.4 kcal/mol, yet
the folding rate is = 6 fold faster than in the wild type ribozyme. The AS* = 12.7±4.8 cal/mol-K
for the U167C mutant, and this increase in AS* compared to the wild type value accounts for the
rate acceleration.
A comparison of the temperature dependence of the wild type and mutant ribozymes
supports the kinetic trap hypothesis for P3-P7 folding. The wild type ribozyme has a steep
temperature dependence for P3 folding and a high activation enthalpy that represents the need to
disrupt structure during the P3 folding. In contrast, the mutant ribozymes with accelerated folding
have a decreased temperature dependence and activation enthalpy at temperatures above 22"C.
However the mutations also seem to complicate P3 folding, folding in some mutants is biphasic
and a fraction of the folding population folds slowly. A break in the temperature dependence at
22"C suggests a change in the folding mechanism at low temperatures. While the mutations do
accelerate P3-P7 folding, they lead to a more complex kinetic folding pathway.
The effect of urea on P3-P7 folding.
Since mutations that destabilize native structure accelerate folding, it is logical that addition
of denaturants, which also destabilize structure, to folding reactions would accelerate folding as
well. The rate of P3-P7 folding in the wild type and mutant ribozymes was measured using the
oligonucleotide hybridization assay in the presence of varying concentrations of urea. To ensure
that the kinetic oligonucleotide hybridization assay accurately reflected folding in the presence of
urea the effect of urea on probe binding was measured (fig. 12A). Urea does not appear to perturb
probe binding or RNase H cleavage. The rate of P3 folding increases linearly with increasing urea
concentration. In the presence 3 M urea, the rate of wild type P3 formation (kobs=6 min - ) is
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Figure 18. The effect of urea on P3 folding. A. Kinetic traces of wild type P3 folding in the
presence of (0) no urea and (0) 2M urea. B. Kinetic traces of A183U mutant P3 folding in the
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Table 2. The fractional amplitude for folding in the presence of urea.
A183U +G174 A171G
37°C
fast slow
phase phase
27°C 100C
fast slow fast slow
phase phase phase phase
27°C
fast slow
phase phase
0.0 .56±.03 .44±.03
0.25 .59±.05 .41±.04
0.5 .60±.04 .40±.04
1.0 .62±.12 .38±.08
1.0 0.0 0.0 1.0 .50±.06 .50±.06
n/a n/a n/a n/a 1.0 0.0
.71±.04 .29±.2
.66±.06 .34±.08
2.0 1.0 0.0 .39±.06 .61±.04
.38±.04 .62±.02
.41±.06 .59±.04
.59±.3 .41±.2
1.0 0.0
.41±.07 .59±.01
n/a n/a
The corresponding rate information for each mutant is shown in figures 19 and 20.
Table 3. The temperature dependence of the fractional amplitudes
for P3 folding in 2M Urea.
Temp wild type A183U
"C fast phase slow phase fast phase slow phase
45 1.0 0.0 n/a n/a
37 1.0 0.0 1.0 0.0
32 1.0 0.0 0.49 ± 0.02 0.51 ± 0.02
27 0.43 ± 0.06 0.57 ± 0.06 0.47 ± 0.03 0.53 ± 0.04
22 0.56 ± 0.02 0.64 ± 0.02 0.38 ± 0.04 0.62 ± 0.1
The corresponding rate information for each ribozyme is shown in
figure 21.
Urea
[M]
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approximately 7 fold faster than in the absence of urea (kobs=0.9 min- ) (fig. 18A & 19A). Above
3M urea the ribozyme no longer folds to completion, although the P3 folding rate continues to
increase. Thus, the effect of modest concentrations of denaturant is comparable to the effect of the
fast-folding mutations.
The addition of urea should have little effect on the rate of P3 folding in the mutants
because the folding intermediate is already destabilized. Urea does not appreciably affect the rate
of P3 folding but it does affect the number of phases and the amplitudes of these phases of some
mutants (fig. 18B, 19, 20). The P3 folding rate for U167C (kobs = 4 min- ) was approximately
the same at all urea concentrations measured. At 370C, the A183U mutant exhibits biphasic
folding (fig. 18B & 19B), urea has little effect on the folding rate of either kinetic phase, but does
affect the relative amplitudes of the two phases (table 2). The fast phase is favored slightly at urea
concentrations between 0.25 and 2 M, and at concentrations > 2 M folding occurs with a single
fast phase. The presence of two folding phases indicates that there are two folding populations that
fold with different rates. These populations may follow different folding pathways, or the slow
folding population could be the result of a misfolded off-pathway intermediate that must slowly
unfold before folding productively.
For the +G174 and A171G mutants, the effects of urea could not be measured at 37C
because the folding rates were already at our limit of detection (=15 min-1). Instead, the folding
rates were measured at two lower temperatures (10 and 27C) that flank a break in the Eyring plot.
In principle, if this break is due to a change in the folding mechanism, then urea may have different
effects at the two temperatures. Figure 20 shows the effect of urea on the rate of P3 folding for the
+G174 mutant, and table 2 gives the relative amplitudes of each phase. In the absence of urea, P3
folding in +G174 at both temperatures is best represented by a single phase. At 27*C folding is
fast with a rate of = 10 min-1 and at 10°C folding is slow with a rate of = 0.5 min-1. When urea is
added folding becomes biphasic at both temperatures. The two folding populations fold with the
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fast and slow rates measured in the absence of urea. At 27"C, increasing the concentration of urea
increases the fraction of molecules folding with the slow rate. While at 10*C increasing the
concentration of urea increases the fraction of molecules folding with the fast rate. Therefore it
appears that, as with the A183U mutant ribozyme, there are two pathways by which P3 can fold in
the +G174 mutant. This data supports the hypothesis that the break in the temperature dependence
of the +G174 mutant ribozyme is caused by a change in the folding mechanism rather than a
change in the heat capacity. The addition of urea allows molecules to fold through both pathways,
and at 27C the slow pathway is favored by addition of urea, while at 10"C the fast pathway is
favored by the addition of urea.
The effect of urea on P3 folding of the A171G mutant is also complex (fig. 20). At 27"C,
folding of P3 is biphasic, and urea affects the relative amplitudes of these phases. At 10"C,
folding of P3 is monophasic and slow (=0.3 min-1) at all concentrations of urea; however, only
fifty percent of the molecules fold to completion. Thus, at high temperatures, the A171G mutant
can fold through two pathways, and the fraction of molecules folding through each pathway is
sensitive to urea. At low temperatures, however, P3 folding in the A171G mutant is unaffected
by the addition of urea.
Urea and the mutations have similar effects on the energetic barriers to P3 folding.
To determine if urea has a similar effect on the energetic barriers to P3 folding as the
selected mutations, the temperature dependence of wild type P3 folding was measured in the
presence of 2 M urea and the activation enthalpy and entropy determined (fig. 21A and table 1).
The activation enthalpy for folding is decreased by the addition of 2M urea, but the activation
entropy also decreases. These changes are similar to those observed in the mutant ribozymes and
further suggest that urea and the selected mutations act through the common mechanism of
destabilizing an intermediate. At low temperatures (< 27C), the addition of 2M urea causes wild
type P3 folding to become biphasic. As the temperature is decreased, the fraction of molecules
folding through the slow pathway increases (table 3). The rate of the slow pathway for P3 folding
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Figure 21. Eyring plot of the temperature dependence of P3 folding in the presence of urea.
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at 27 and 22"C corresponds to the folding rate of the wild type ribozyme in the absence of urea.
The biphasic folding curves indicate that urea reduces the kinetic barrier to P3 folding for only a
fraction of the folding population at low temperatures.
Since urea and the mutations have similar effects on the energetic barriers to P3 folding, we
wished to determine if urea further affected these barriers in the fast folding mutants. Therefore,
the temperature dependence of A183U P3 folding in 2M urea was measured (fig. 21B). Below
37"C, the folding was biphasic in both the presence and absence of urea. The activation enthalpy
of the fast phase of folding was unaffected by urea, but as the temperature decreased a greater
proportion of the molecules folded through the slow pathway (table 3). The lack of change in the
activation enthalpy for the fast folding phase indicates that the kinetic barrier to folding is
unchanged by urea. However, the activation enthalpy of the slow phase of folding was increased
by addition of urea (table 1). The increase in the activation enthalpy for the slow phase of P3
folding in the A183U mutant could indicate that urea destabilizes this transition state relative to the
ground state.
The fast folding mutations reveal an additional slow step on the
folding pathway.
In the proposed folding pathway for the Tetrahymena ribozyme, the slow rearrangement
that leads to P3-P7 formation is the slowest step on the folding pathway. The selected mutations
accelerate this slow rearrangement and we wished to determine if there is another slow step on the
pathway or if overall folding is also accelerated by the mutations. To answer this question, a
previously developed gain of activity assay was used to measure the rate of formation of the
catalytically active structure (Zarrinkar & Williamson, 1994). In this assay, the fraction of active
ribozyme present at various times after folding is initiated by Mg 2+ addition is determined by the
magnitude of the kinetic burst that corresponds to the first turnover in a multiple turnover cleavage
reaction. The fraction of substrate cleaved as a function of folding time gives the rate of formation
of the active structure.
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All folding curves measuring the rate of gain of catalytic activity were best fit by a single
exponential folding curve. Previous experiments found the rate of gain of activity for the wild type
ribozyme to be 0.6 min-1, similar to the rate measured for P3-P7 folding of 0.7 min-1. However,
when these experiments were repeated and the folding time extended to thirty minutes the rate was
measured to be 0.1 min -1. When the rate of gain of activity was measured for mutant ribozymes
with accelerated P3-P7 folding the rate was also measured to be 0.1 min -1 (fig. 22). This slow rate
for the gain of catalytic activity strongly suggests the presence of an additional slow step on the
folding pathway. However, the difference between the rate measured for gain of catalytic activity
and the rate of P3-P7 folding in the wild type is still fairly small, and while the rate difference
between the two steps in the mutant ribozymes is large the slow rate for gain of catalytic activity
might be due to the presence of the mutations. Therefore, additional evidence was necessary to
demonstrate that the two folding steps were distinct.
The presence of magnesium is required for folding of the Tetrahymena ribozyme. The
folding pathway contains steps that are both magnesium dependent and magnesium independent.
A difference in the magnesium dependence of the two slow steps would confirm that they were
distinct. Therefore, the magnesium dependence of each step was measured and compared. The
rate of formation of the P3-P7 domain in the wild type ribozyme is Mg2+-independent (Zarrinkar
& Williamson, 1994)(fig. 23A). Measurement of the Mg2+ dependence of folding to the
catalytically active state revealed that the overall folding rate decreases as the concentration of Mg2+
is increased (fig. 23B). The difference in the Mg2+ dependence between P3 folding and folding to
the catalytically active structure confirms the existence of a new folding step distinct from P3
folding.
To confirm that the new folding step is the same in the wild type and mutant ribozymes, the
magnesium dependence of the rate of gain of activity was compared in the wild type and A183U
ribozymes (fig. 23). Both the rates of folding to the active structure at all Mg2+ concentrations and
the Mg2+ dependence of the rate was similar for the A183U mutant and wild type (fig. 23B).
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Figure 22: The rate of formation of the catalytically active structure as measured by monitoring the
amount of substrate cleaved after folding in the presence of Mg2 + for the indicated periods of time.
(A) Data for the wild type ribozyme. (0) folding in 10mM Mg2+, (Q) folding in 10 mM Mg2 + in
the presence of 2M urea, (*) folding in 2mM Mg2+. (B) Data for the A183U ribozyme. (0)
folding in 10mM Mg2+, (U) folding in 10 mM Mg2+ in the presence of 2M urea, (*) folding in
2mM Mg2+.
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However, the rate of P3-P7 folding increases at higher Mg2+ concentrations in the A 183U
ribozyme, while the rate of P3-P7 folding in the wild type is Mg2+-independent (Zarrinkar &
Williamson, 1994). This suggests that the step measured by monitoring P3 folding is different in
the two ribozymes, while the step measured by monitoring folding to the active structure is the
same in the wild type and A183U mutant ribozyme. Therefore, the fast folding mutations do not
fundamentally alter the folding pathway and they primarily affect the P3-P7 folding step.
The additional slow folding step is also the result of a kinetic trap.
Analysis of the fast folding mutants has demonstrated that the slow folding of the P3-P7
domain is the result of a kinetic trap. Is the slow folding rate of the final folding step also the result
of a kinetic trap? A large temperature dependence can indicate the presence of a kinetic trap.
Therefore, the temperature dependence of the folding rate constants for P3 folding and folding to
the catalytically active structure were measured at 10 mM, where folding measured by gain of
activity is slow, and 2 mM Mg2+, where folding is fast. The data were analyzed using Eyring
transition state theory to obtain values for the activation enthalpy and entropy for folding (fig 24 &
table 4).
The activation enthalpy for both P3 folding and folding to the active structure in the wild
type ribozyme at 10 mM Mg was high (fig. 24A and table 4), with AH*=23+0.6 kcal/mol for P3
folding, and AH*=18+6.0 kcal/mol for formation of the active structure. However, the activation
entropy measured for each step was quite different (table 4), providing additional evidence that two
different steps were monitored. When the Mg2+ concentration is lowered to 2 mM, the temperature
dependence of the two steps becomes nearly identical with AHt=41±2.0 kcal/mol and AS*=66+7.0
cal/mol-K for P3 folding, and AH*=40±l.3 kcal/mol and AS t =63+4.1 cal/mol-K for formation of
the active structure. The similar temperature dependence for the two measurements at 2 mM Mg2+
implies that at the lower Mg2+ concentration the rate of the final step is accelerated and that
formation of P3-P7 becomes the slowest step on the folding pathway.
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Figure 24: Temperature dependence of P3 folding and folding to the catalytically active structure at
10 mM and 2 mM Mg2+. All points represent the average of at least three experiments, error bars
are equal to or less than the size of the markers unless indicated. (A) wild type temperature
dependence at 10 mM Mg2+ () P3 folding, (A) folding to catalytically active structure (B) wild
type temperature dependence at 2 mM Mg2  (0) P3 folding, (A) folding to catalytically active
structure (C) A183U temperature dependence at 10 mM Mg2+ (0) P3 folding, (A) folding to
catalytically active structure (D) A183U temperature dependence at 2 mM Mg2+ (0) P3 folding,
(A) folding to catalytically active structure.
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Table 4: The effect of magnesium on activation enthalpy and entropy.
wild type A183U
[Mg 2+]  AH* kcal/mol AS* cal/mol-K AH* kcal/mol AS* cal/mol-K
P3 10mM 23 ± 0.6 8.0± 1.9 -3.5± 1.1 -73 + 3.5
fba 10mM 18 + 6.0 -13 ± 12 38 + 2.2 51 ± 7.0
P3 2mM 41 ± 2.0 66 + 7.0 37 + 2.6 53 + 8.5
fba 2mM 40 + 1.3 63 ±4.1 39 + 5.0 60 + 16
In the A183U mutant ribozyme at 10 mM Mg2+, P3 folding and folding to the active
structure have a very different temperature dependence. The activation enthalpy for P3 folding is
-3.5±1.lkcal/mol and activation entropy is -73±3.5 cal/mol-K, while for formation of the active
structure AH*=38±2.2 kcal/mol and AS t =51+7.0 cal/mol-K. This clearly demonstrates that two
distinct folding steps are measured by monitoring P3 folding and folding to the active structure. In
contrast, at 2 mM Mg2+ the temperature dependence of P3 folding and folding to the active
structure are nearly identical with AH*=37±2.6 kcal/mol and AS*=53±8.5 cal/mol-K for P3
folding and AH*=39-5.0 kcal/mol AS t =6016 cal/mol-K for folding to the active structure.
Combined with the information that P3 folding in the A183U mutant ribozyme is also Mg2+
dependent, this data indicates that at high Mg2+ concentrations P3 folding is much faster than the
step measured by gain of activity, but as the Mg2 + concentration is lowered P3 folding slows and
gain of activity accelerates, and as a result P3 formation becomes the rate limiting step in folding to
the active structure. It is also possible that at lower Mg2+ concentrations in the A183U mutant
ribozyme, a step that occurs before P3 formation becomes rate limiting, however there is no clear
evidence for any other slow steps before P3-P7 formation.
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The high activation enthalpy of the rate of gain of catalytic activity for the wild type and
A183U mutant suggests that at 10 mM Mg2+ folding is slow due to the presence of a kinetic trap.
This is supported by the acceleration of the rate of gain of catalytic activity in the presence of urea.
This leads to a modification of the kinetic folding pathway shown in figure 25. There is a new
intermediate on the folding pathway 14, that represents an intermediate with folded P4-P6 and P3-
P7 domains but that is not catalytically active. The decrease in the rate of gain of catalytic activity
as the magnesium concentration increases suggests that this intermediate may contain misfolded
structure that must be destabilized for the catalytically active structure to form.
The effect of Mg2+ on the folding pathway.
Most complex RNA tertiary folds require the presence of Mg2+, which allows the close
packing of the negatively charged phosphate backbone. In order to fold into it's complex,
catalytically active structure the Tetrahymena ribozyme requires the presence of divalent metal ions,
specifically Mg2+. Mg 2+ is believed to nucleate folding by allowing the formation of the P5abc
subdomain (Cate et al., 1997), and additional Mg2+ ions are required to stabilize subsequent
folding steps and are required for catalysis. These studies also show the importance of divalent
metal ions, such as magnesium, to the stability of both non-native intermediates and the final
folded structure. Magnesium plays a dual role in RNA folding, on the one hand Mg2+ is required
for most complex RNA tertiary folds, but magnesium can also stabilize off-pathway intermediates
that slow folding.
The work presented here highlights the importance of an appropriate Mg2+ concentration
for folding. The concentration of Mg2+ used to initiate folding determines which of these steps is
rate limiting, this is especially clear in the fast folding mutant A183U. In the wild type and A183U
ribozymes, which folding step is rate limiting depends on the concentration of magnesium used to
initiate folding. This leads to the observation that optimizing the rate of an RNA folding reaction
may require a narrowly defined optimization of the Mg2+ concentration. The ability of RNA to
form stable secondary structure interactions or small tertiary structures could potentially lead to the
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presence of kinetic traps in RNA folding. It seems likely that Mg is able to stabilize these traps
as well as the native structure and can both accelerate and decelerate folding depending on the
circumstances.
The Tetrahymena ribozyme has a rugged folding energy landscape.
Due to the complexity of the folding model, the kinetic folding pathway for the
Tetrahymena ribozyme is best represented by a three-dimensional energy landscape (Dill & Chan,
1997). Such landscapes are based on a view of folding where molecules move down a funnel
shaped energy landscape searching through possible configurations until the lowest energy state is
reached. The vertical axis represents the free energy of the molecule and the radial axes represent
the conformational coordinates. Hills or bumps in the landscape represent high energy structures,
while valleys represent low energy structures or kinetic traps (Dill & Chan, 1997). A landscape is
considered rugged if there are many such valleys and there are many intermediates populated,
while it is considered smooth if kinetic traps are shallow and unpopulated. The utility of such
landscapes lies in their ability to project two-dimensional linear folding pathways onto a three-
dimensional surface, highlighting the existence of parallel folding pathways. The view of folding
as an ensemble process does not conflict with instances where folding requires the sequential
formation of particular structured intermediates. For example, in the Tetrahymena ribozyme a
native P4-P6 domain is required to scaffold the formation of the P3-P7 domain (Doherty &
Doudna, 1997; Zarrinkar & Williamson, 1996). While this intermediate must be formed for
productive P3-P7 folding, it may not be populated if the formation of P3-P7 is fast.
A conceptualized energy landscape for the Tetrahymena ribozyme is shown in figure 26.
In the wild type ribozyme, at least 90% of the folding molecules must go through an energy trap,
12, which is represented by a red "moat" in the energy landscape. Studies on the folding of the
Tetrahymena pre-RNA have shown that approximately 10% of the RNA population can fold
rapidly within the thirty second dead time in a native polyacrylamide gel mobility assay
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Figure 26. A conceptualized folding energy landscape for the Tetrahymena ribozyme. The green
channel represents a fast pathway to the folded state, while the two red moats represent kinetic
traps on the folding pathway.
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(Pan et al., 1997). Therefore, a direct and rapid folding path to the native state may exist and is
shown in green on the energy landscape. Destabilization of P4-P6 by mutation or denaturant either
removes or reduces the depth of the moat and accelerates folding. However, under some
conditions the moat is removed for only a subpopulation of molecules, such as for P3 folding in
the wild type ribozyme at low temperatures in the presence of 2M urea. Under these conditions,
P3 folding is biphasic, with a subpopulation still trapped by the low energy moat and another
avoiding the trap. When an energy trap exists, it can obscure other folding steps that occur with an
equal or faster rate. If, as is the case with the fast folding mutants, the energy trap is removed, an
additional slow folding step may be revealed. The new slow step measured by the gain of activity
assay is an example of this, and is represented as a second red moat on the landscape.
The existence of multiple kinetic traps shows that the Tetrahymena ribozyme has a rugged
folding landscape. While mutations can reduce the depth of one folding moat, they can also allow
additional kinetic traps to form and allow new pathways for folding to become populated, as is
demonstrated by the biphasic P3 folding of some of the mutants. In contrast, denaturants such as
urea usually accelerate folding, perhaps by globally reducing the depth of kinetic traps.
Magnesium can have different effects on different regions of the energy landscape depending on
how it effects the depth of kinetic traps or heights of activation barriers. In general, changes in
folding conditions such as sequence changes, changes in temperature, or solvent conditions have
dramatic effects on the folding energy landscape.
Kinetic traps are common in RNA folding.
The theory that folding of macromolecules occurs by the sequential formation of stable
folding intermediates has dominated protein folding until recently, when it has been suggested that
the presence of such stable intermediates may in fact slow the folding process (Fersht, 1995;
Sosnick et al., 1994). These stable intermediates are kinetic traps that must be destabilized for
productive folding. It has long been known that tRNA folding from low salt conditions is slowed
by the presence of misfolded secondary structure (Cole et al., 1972; Lynch & Schimmel, 1974).
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However, it is only recently that studies have shown that the presence of intermediates stabilized
by tertiary structure also slow folding, leading to the belief that kinetic traps may play an important
role in RNA folding. An intermediate on the folding pathway of RNase P has been suggested to
be the result of a kinetically trapped species (Pan & Sosnick, 1997). The folding of the
Tetrahymena ribozyme pre-RNA has also been proposed to be slow due to the presence of a
kinetically trapped intermediate (Pan et al., 1997). The results presented in this thesis demonstrate
the presence of two kinetic traps on the folding pathway of the Tetrahymena ribozyme.
The presence of these kinetic traps leads to a refinement of the kinetic folding pathway, and
a greater understanding of the barriers to folding for the two slow steps. In the wild type ribozyme
after folding is initiated by the addition of magnesium, the P4/P6 region folds rapidly forming an
intermediate 12. The stable, rigid structure of P4-P6 restricts the conformational flexibility of 12
and slows P3-P7 formation. When the mutations or urea destabilizes P4-P6, the kinetic trap is
also destabilized allowing P3-P7 to form. The second slow step also has a high activation enthalpy
and is accelerated by the presence of urea, two hallmarks of a kinetic trap. However, the
observation that folding is slowed by increasing the concentration of magnesium suggests that this
intermediate is a non-native, off pathway kinetic trap. These results lead to the view of RNA
folding as the escape from a series of kinetic traps. Such a view explains the speed of folding of
simple RNA structures such as tRNA and small ribozymes. More complex RNA structures, such
as the Tetrahymena ribozyme and RNase P, are more likely to have a number of stable folding
intermediates that act as kinetic traps and slow folding.
Similarities between RNA and protein folding.
It is interesting to compare and contrast the emerging view of RNA folding with the
considerably more detailed view of protein folding. RNA folding occurs with much slower rates
than protein folding. RNAs tend to have folding times on the order of minutes, while proteins fold
on the second timescale, and a number of small proteins have been shown to fold in the
millisecond time range. Such small, single domain proteins often display two-state kinetic folding
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and appear to have smooth folding energy landscapes that mutations rarely complicate. One such
protein is the chymotrypsin inhibitor 2 which folds with two-state kinetics and with a tl/2 of 14 ms
(Fersht, 1995). Small RNAs, like tRNA, can also fold on the millisecond timescale and may fold
by similar mechanisms (Cole et al., 1972; Crothers et al., 1974). In larger, multi-domain proteins
folding is more complex, and intermediates are often populated. The folding of larger RNAs, such
as the Tetrahymena ribozyme, is much more complex than that of small proteins, and would be
more analogous to larger multiple domain proteins. The folding pathway of lysozyme has striking
similarities to that of the Tetrahymena ribozyme. Lysozyme is a 129 residue protein that consists
of two structural domains, the a-domain and the p-domain, and folds by parallel slow and fast
pathways. A folding intermediate with a folded a-domain slows the folding of the p-domain. It
has been suggested that folding is slowed because the native-like a-domain restricts the
conformational searching required for folding; however, the importance of non-native interactions
in this intermediate is still a matter of debate (Miranker et al., 1993; Radford et al., 1992; Rothwarf
& Scheraga, 1996; Wildegger & Keifhaber, 1997). This is analogous to a stable P4-P6 domain
slowing the folding of the P3-P7 domain in the Tetrahymena ribozyme. It has recently been
suggested that intermediates may in fact be kinetic traps that slow protein folding (Fersht, 1995;
Sosnick et al., 1994), and it is beginning to appear that slow RNA folding is also due to the
existence of kinetic traps (Pan et al., 1997; Pan & Sosnick, 1997; Treiber et al., 1997). Such traps
may be the result of misfolded secondary structure (Cole et al., 1972; Woodson & Cech, 1991), or
stable native-like folding intermediates that must be disrupted for productive folding (Treiber et al.,
1997). The extremely slow rates for RNA folding compared with those of protein folding may be
due to the greater stability of RNA secondary structure interactions and small tertiary structures,
which makes it more difficult to escape from kinetic traps.
The finding that urea can accelerate folding by destabilizing a native-like folding
intermediate, and that mutations that accelerate folding also destabilize this intermediate, suggests
that populated intermediates are not necessary for productive RNA folding. This leads one to ask
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why intermediates are found on the folding pathways of most large RNA molecules? It is likely
that misfolded kinetic traps are common in large RNA molecules, however it is interesting that the
Tetrahymena ribozyme folding pathway contains a native-like kinetically trapped intermediate.
Point mutations can destabilize this intermediate and accelerate folding, but these mutations also
lead to multiple folding phases that may represent parallel folding paths. All the mutations that
accelerate folding display biphasic P3 folding kinetics. It is possible that the existence of such
parallel paths is detrimental, and that funneling folding RNA molecules through a stable, native-
like folding intermediate simplifies the folding landscape by decreasing the possibility of RNA
molecules becoming trapped in stable misfolded structures. It will be interesting to determine if
slow folding steps in other large RNA molecules are also caused by intermediates containing
native-like folded structure.
Incorporation of a Fluorescent Probe
There are relatively few effective methods for studying kinetic folding in RNA. Methods
traditionally used in protein folding such as ultraviolet absorption and circular dichroism are of
limited use in RNA. Ultraviolet spectroscopy in RNA is dominated by the hyperchromism due to
secondary structure formation and while this can give information about secondary structure, little
information about the more complex tertiary folding of RNA molecules can be gained. While
circular dichroism has been used to study kinetic folding of RNase P (Pan & Sosnick, 1997), only
information about global folding is gained and the structural nature of intermediates monitored is
difficult to determine. Fluorescence spectroscopy is a powerful tool used in the study of protein
folding, mainly because of the prevalence of tryptophan as a natural fluorophor. Unfortunately,
standard RNA bases are not naturally fluorescent. Ribosomal RNA and tRNA contain modified
bases, such as the Y-base, which are fluorescent however these bases are not common and are not
necessarily located in regions of interest.
Fluorescence folding studies in tRNA.
The folding of tRNA has been more extensively studied than that of any other RNA. A
number of these folding studies have utilized fluorescence spectroscopy using both fluorescent
base analogs and external fluorescent probes. The fluorescent Y-base has been used to study the
equilibrium magnesium binding and thermal unfolding of tRNA (Leroy et al., 1977; Romer &
Hach, 1975), and a fluorescent reporter molecule, 2-naphthoxy-acetic acid, has been attached to
the amino group of isoleucyl-tRNA and used to monitor both equilibrium magnesium binding and
magnesium induced kinetic folding (Lynch & Schimmel, 1974). This probe was found to be
sensitive to magnesium induced tertiary folding, and based on the data a kinetic folding pathway
was proposed (see chapter 1). The rare earth ion europium(III) has been used as a fluorescent
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probe to monitor ion binding induced conformational changes (Wolfson & Kearns, 1975). These
studies have shown that fluorescence spectroscopy can be a useful technique for studying folding
and divalent metal binding in RNA.
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Fig. 27: A. The Y base. B. 2-naphthoxy-acetic acid
Site-specific incorporation of a fluorescent probe in the Tetrahymena
ribozyme.
The Tetrahymena ribozyme is more than four times larger than tRNA and has a more
complex tertiary fold. It is an ideal model for studying folding because this complex fold allows
the formation of numerous folding motifs to be explored. However, the large size and complexity
of the ribozyme also makes it more difficult to site-specifically incorporate a fluorescent probe.
The ribozyme can be labeled at either the 5' or 3' ends in a manner similar to that used to label
tRNA, but labeling the ends of the ribozyme does not give information about the folding of the
catalytic core. The 3' end of the ribozyme is fairly unstructured making it difficult to assign kinetic
events to particular structure formation. While the 5' end of the ribozyme has not been labeled,
experiments studying the binding of fluorescently labeled substrate to the P1 helix and the
subsequent docking of this helix onto the core of the ribozyme have been performed (Bevilacqua et
al., 1993; Bevilacqua et al., 1992). These studies have given valuable information about substrate
binding, but is unlikely that 5' labeling of the ribozyme will yield any additional insights.
Incorporation of a Fluorescent Probe
Therefore, we developed a system to allow introduction of fluorescent probes into specific folding
domains so that the folding of these domains could be monitored.
To incorporate a fluorescent probe into the catalytic core of the Tetrahymena ribozyme, we
expanded on a labeling system developed by Moore and Sharp, 1992. In this technique, modified
RNA molecules were made by annealing transcripts primed with 2'-deoxy or methoxy substituted
dinucleotides to a complementary DNA template and ligating the RNAs using T4 DNA ligase. In
the modified system, three pieces of RNA are joined to form a full length RNA through two
sequential ligation reactions. Two of the RNA strands are transcribed while the third, a small RNA
containing the modified nucleotide, is chemically synthesized. The modified nucleotide first
chosen was a commercially available deoxy-uridine with a five carbon linker that can be labeled
with fluorescein (fig. 28 A).
The original ligation system was used on RNA having relatively little complex secondary
structure. In contrast, the Tetrahymena ribozyme has a complex and stable secondary structure that
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Figure 28: A. Structure of fluorescein labeled dU. B. Structure of deoxy-2-aminopurine.
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forms in the absence of divalent metals. Therefore, each of the ligation sites had to be chosen with
care because stable secondary structures, such as short hairpins, would not anneal to the
complementary DNA splint necessary to template the ligation. Additionally, the 3'-most large
transcribed RNA fragment needed to start with two guanosines to ensure high transcription yields.
Incorporation of a fluorescent probe into the P3 helix met these conditions, the P3 helix is a long
rage interaction that does not form in the absence of magnesium, and a ligation junction could be
placed in the middle of the 5' half of the P4 helix where a sequence containing three guanosines
could be the start site for the transcription of the second transcribed RNA. Additionally, the
folding of the P3 domain had been studied using the kinetic oligonucleotide hybridization assay
allowing any results obtained from fluorescence experiments to be verified by a second folding
assay. A forty-six nucleotide DNA splint complementary to the 3' half of P2, the 5' half of P3,
and the 5' half of P4, P5, and P5a was synthesized (fig. 29). Plasmid templates for the
transcription of the two RNA fragments were constructed. The template for the 5' fragment was
cleaved by the Nsi I enzyme which led to the appropriate sequence for ligation at the 3' end. A
twelve nucleotide synthetic RNA encompassing nucleotides 98-109 from the P3, J3/4, and P4
helices was chosen to contain the fluorescent probe. The modified base was substituted at position
U101 to minimize any structural perturbation. U101 is a bulged base and any weakening of
basepairing should not affect the normal ribozyme structure.
Trial ligations were performed using 5'- 32P labeled RNA fragments, ligated and unligated
RNAs were separated on denaturing polyacrylamide gels and ligation yields were quantitated using
phoporimager analysis. Even at the fairly unstructured P3 labeling site the ligation reaction was
not efficient. The 3' ligation between the 3'-end of the small synthetic fragment and the 5'-end of
P35' Sca I transcribed RNA was more efficient than the 5'-ligation between the 3'-end of L-21 Nsi
I transcribed RNA and the 5'-end of the synthetic fragment. It is likely that the poor ligation yield
was due to problems annealing the 3'-half of the P2 helix to the complimentary splint. The ligation
yields were found to be highest when two sequential ligation reactions were performed. The two
Incorporation of a Fluorescent Probe
ligation junctions were only twelve nucleotides apart and it may be that this did not leave sufficient
room for two ligase molecules to bind the RNA-DNA helix. The 3'-ligation was performed first as
it had a higher ligation yield of approximately thirty percent. The excess T4 DNA ligase was
removed by phenol/chloroform extraction and the ligated RNA, RNA fragments, and DNA splint
were purified by ethanol precipitation. The L-21 Nsi I RNA was added, the RNA fragments were
annealed to the DNA splint and a second ligation was performed. The total yield averaged ten
percent, and generated optical quantities of RNA.
Controls
The effect of magnesium on fluorescein.
Since we wished to use changes in the fluorescence intensity to monitor the magnesium
dependent folding of the Tetrahymena ribozyme, it was important to determine what effect
magnesium has on the fluorescence intensity of free fluorescein. A magnesium titration of free
fluorescein is shown in figure 30A. As the magnesium concentration increases there is a decrease
in the fluorescence intensity but this change is very rapid, in the dead time of the experiment.
While magnesium did affect fluorescence intensity of free fluorescein, it did not appear to do so
ona timescale relevant to folding. However, the fluorescein probe would be tethered to RNA not
free in solution. Therefore, the effect of magnesium on the fluorescence of the small RNA
fragment labeled both internally with the modified base and labeled at the 3' end was measured and
is shown in figure 30 C and B respectively. Magnesium had no affect on the fluorescence of
fluorescein conjugated with single stranded RNA, therefore, any changes in the fluorescence
intensity of the full lenght labeled RNA should be due to RNA folding events.
The fluorescent probe does not perturb normalfolding or catalytic activity.
Once a fluorescent probe was incorporated into the ribozyme, it was important to ensure
that the probe did not disrupt.the final folded structure or the folding process itself. The L-21 Sca I
ribozyme used in these experiments catalyzes the cleavage of an eleven nucleotide RNA substrate.
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Figure 30. The effect of magnesium on fluorescein. A. Magnesium titration of free fluorescein.
B. Kinetic trace of 3' fluorescein labeled synthetic RNA insert (CCGUCAAAUUGC-FI) after
addition of 10 mM Mg2+. C. Kinetic trace of synthetic RNA insert labeled with a fluorescein
modified nucleotide (CCGUFCAAAUUGC) after addition of 10 mM Mg 2+.
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This assay has been well characterized (Herschlag & Cech, 1990a), and was used to ensure that t
he final structure of the ribozyme was not perturbed. Under single turnover conditions, the rate
limiting step in the cleavage reaction is substrate binding. The cleavage of 32 P labeled substrate
under single turnover conditions of wild type ribozyme, and ribozyme labeled with fluorescein
(fig. 31 A). Both kobsd and keat/KM were within error for the ribozymes demonstrating that the
final structure of the ribozyme is not perturbed by the presence of the fluorescein probe.
The previously developed oligonucleotide hybridization assay was used to measure the rate
of P3 folding for the labeled ribozyme. This assay uses the change in accessibility to
complementary probes of the P3 helix after magnesium induced folding to obtain the folding rate.
The rate for P3 folding measured for the fluorescein labeled ribozyme by the oligonucleotide assay
was the same as for the wild type ribozyme (fig. 31 B).
The equilibrium magnesium binding of the Tetrahymena ribozyme has been studied using
both hydroxyl-radical footprinting and oligonucleotide hybridization (Celander & Cech, 1991;
Zarrinkar & Williamson, 1994). The magnesium binding monitored by fluorescein was compared
with the binding monitored by oligonucleotide hybridization measuring P3 formation (fig. 32).
The binding monitored by fluorescein labeled RNA had a similar magnesium midpoint as the
wildtype ribozyme, but a lower Hill coefficient indicating that fewer magnesium ions are equired to
saturate the fluorescence monitored. It may be that this probe can only monitor a subset of the
binding events, or it may not accurately reflect P3 folding.
Kinetic folding monitored by fluorescence.
Fluorescein did not to perturb the folding pathway or the structure of the Tetrahymena
ribozyme, but did it accurately monitor kinetic folding events? The folding of the fluorescein
labeled ribozyme was studied using both steady state and stopped-flow spectroscopy. The RNA
was heated at 95C for 2 minutes and pre-equilibrated at 37C for at least 3 minutes to correctly
form the secondary structure and folding was initiated by the addition of magnesium. The steady
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Figure 31: Control experiments to demonstrate that the fluorescent probes do not affect the final
folded structure or the folding pathway. A. Single turnover activity assay. B. Oligonucleotide
hybridization folding assay measuring the rate of P3 formation.
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Figure 32: Equilibrium magnesium binding of the Tetrahymena ribozyme measured by
oligonucleotide hybridization (0) fluorescence of the fluorescein probe (0), fluorescence of the 2-
aminopurine probe (A). The midpoint for each magnesium titration and the Hill coefficient are
listged below.
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Figure 33: Stop flow fluorescence traces monitoring the magnesium induced folding of fluorescein
labeled ribozyme. Inset shows the first second of the folding reaction. (A) 0.1 mM Mg2+ (B) 1
mM Mg2+ (C) 5 mM Mg2+ (D) 10 mM Mg2+
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state experiments had a dead time of approximately ten seconds. There was a burst in fluorescence
intensity during this period followed by a slow folding phase with a rate of 1.75±.38 min-1. This
is very similar to the folding rate of .9 min -1 measured for P3 folding using the oligonucleotide
hybridization assay. Stopped-flow spectroscopy was used to observe any folding events occurring
in the dead time of the manual mixing experiments. When folding was initiated by the addition of
10 mM magnesium folding occurred in a single phase, and the burst in the dead time appeared not
to correspond to any additional folding steps (fig. 33). However, when folding was initiated by
lower concentrations of magnesium ( l1mM) a rapid decrease in the fluorescence intensity was
seen on the second timescale. This fast phase is largest at 0.1 mM magnesium where the
concentration is not sufficient for tertiary structure formation, and may simply reflect the effect of
magnesium on the fluorescein probe seen with free fluorescein. While the similarity of the folding
rates observed using fluorescence and oligonucleotide folding suggested that the two techniques
were monitoring the same step, additional folding experiments using known folding mutations
were performed. A mutation in the triple helical scaffold that aligns the P4-P6 domain with the P3-
P7 domain is known to decrease the rate of P3-P7 folding to .1 min-1. This mutant ribozyme was
labeled with fluorescein and the folding rate was measured to be .9 min -1. This rate combined with
the differences in the equilibrium magnesium binding curves suggested that fluorescein was not
monitoring P3 folding. However, it was not possible to determine what the change in fluorescence
intensity reflected in terms of folding and magnesium binding. This result highlights the problem
of assigning specific folding events with changes in fluorescence intensity. As we could not
determine whether the fluorescence intensity changes were monitoring folding or an interaction of
fluorescein with magnesium we decided not to pursue the use of fluorescein as a probe to monitor
folding.
2-aminopurine as a probe to monitor folding.
Alternative probes with less chance of interactions with magnesium that may give false
folding signals the fluorescent base were analyzed and the base analog 2-aminopurine was chosen
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as a fluorescent probe (Figure 28B). While 2-aminopurine should be less likely than fluorescein to
interact with magnesium, it has a much lower quantum yield and more RNA must be used to get as
good a fluorescence signal. The fluorescence of 2-aminopurine is also quenched by stacking when
it is incorporated in a double helix. Therefore we chose three positions in the P3 helix for
incorporation of the probe to find the position which had the strongest signal. These positions
were G100, U101 (a bulged nucleotide), and A102 (a nucleotide adjacent to the triple helical
scaffold). The fluorescence intensity changes induced by the addition of 10 mM Mg2+ for both the
full length ribozyme and the small synthetic RNA containing 2-aminopurine at each of these
position is shown in figure 34. In the left hand column the fluorescence spectrum in the absence
and presence of magnesium is shown for the full length ribozymes and in the right hand column
the spectrum is shown for the synthetic RNA fragments. Magnesium increased the fluorescence of
the three RNA fragments in the dead time of the experiments (10 seconds). The ribozyme with 2-
aminopurine in the A102 position was the only ribozyme that showed time dependent changes in
fluorescence intensity. It may be that being adjacent to the triple helical scaffold folding actually
leads to the unstacking of this base which would account for the increase in fluorescence.
Before the 2-aminopurine labeled ribozyme could be used in folding assays controls needed
to be performed to show that the probe did not affect the folding or final structure of the ribozyme.
These were carried out in the same manner as with the fluorescein probe and are shown in figure
30. 2-aminopurine did not perturb the final structure or the folding rate measured by kinetic
oligonucleotide hybridization. In addition the equilibrium magnesium binding was measured and
closely resembled those measured using the oligonucleotide hybridization assay. Both the
magnesium midpoint of the titration and the Hill coefficient for binding was very similar to the wild
type, considerably better than that of the fluorescein probe.
Kinetic folding monitored by 2-aminopurine fluorescence.
The folding rate of the 2-aminopurine labeled ribozyme was measured at both 25 and 37C
(fig. 35). At 25C, folding occurs in a single phase with a rate of .52±.03 min-1. This is similar
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to the rate measured by oligonucleotide hybridization of .4±.05 min-1. The folding of a ribozyme
containing the mutation in the triple helical scaffold was also measured, and this mutant folded with
a rate of .038±.003 min-1. The decrease in the folding rate of the triple scaffold mutant ribozyme
was good evidence that P3 folding was being monitored by the 2-aminopurine probe. At 37C, a
more complicated folding kinetics were measured. Folding was biphasic, with the fluorescence
intensity first increasing with a rate of approximately 3 min-1 and then decreasing with a rate of
approximately .1 min-1. When folding at 25C was monitored for a longer period of time a slow
decrease in the fluorescence was observed as well. It appears that the 2-aminopurine probe
monitors both P3 folding and an additional slow step. This may be due to 2-aminopurine being
placed at A103 which is in the joining region between P3 and P4. While A103 is not a base that
makes up the triple helical scaffold, it is directly adjacent to it. Therefore, folding monitored using
fluorescence might be more sensitive to structural changes than the oligonucleotide hybridization
assay.
Although the 2-aminopurine fluorescent probe appeared to monitor P3 folding, the
existence of the additional slow phase once again highlighted the difficulty of assigning folding
events to a particular fluorescence change. In addition the ligation efficiency for the 2-aminopurine
probe was reduced compared to that with the fluorescein probe (2-5%) and as the quantum yield of
2-aminopurine is fairly low it was difficult to obtain optical quantities of labeled ribozyme.
Therefore, we decided not to pursue fluorescence as a method of monitoring folding.
Summary
These experiments have demonstrated that modified nucleotides can be incorporated in the
center of large complex RNAs. However, the number of sequences amenable to this technique are
limited by secondary structures that may block annealing of the DNA splint necessary to template
the ligation. In addition, low ligation yields can make it difficult to obtain large quantities of
labeled RNA. This technique is best used on RNA molecules with less complex structure than the
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Tetrahymena ribozyme where probes can be more easily incorporated at a number of positions in
the RNA, or when only small quantities of RNA are required. The fluorescent base analog 2-
aminopurine is a better reporter of folding than fluorescein. Perhaps the large size of fluorescein or
its positioning, most likely in the minor groove due to the position of the linker off the C-5 of
uridine, or the interaction of fluorescein with magnesium caused non-folding events to be
monitored. However the low quantum yield of 2-aminopurine, and the quenching of fluorescence
caused by base stacking limits its usefulness as a reporter of folding. Future experiments using
fluorescence resonance energy transfer may be a better method of monitoring folding.
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Kinetic Oligonucleotide Hybridization Assay
RNA transcripts were prepared by transcription from plasmid pT7L-21, or fast folding
mutants, linearized with Sca I. Reactions (50 gLl) were performed for 2.5 hours at 37"C in 40 mM
Tris-HC1 (pH 7.5), 2 mM spermidine, 10 mM dithiothreitol, 25 mM MgC12, 1 mM each GTP,
CTP, UTP, 0.1 mM ATP and 50 l.Ci of [a-32P] ATP (New England Nuclear) with 500 units of
T7 RNA polymerase and 5 tg of template. The reaction was quenched with stop solution (90 mM
EDTA and gel running dyes in 80 percent formamide) and the product purified on a six percent
polyacrylamide gel and soaked in buffer containing 10 mM Tris-Cl (pH 7.5), 1 mM EDTA, and .3
M sodium acetate. After ethanol precipitation and resuspention in 1 X TE, RNA was quantitated
by Cerenkov counting.
Folding was monitored after annealing ribozyme (final concentration 1 nM) in 60 l of 1 X
TE (pH 7.5) by heating to 95"C for 1 minute followed by incubation at 37°C for 3 minutes. When
folding was monitored at a temperature other than 37C, the ribozyme was first equilibrated at
37C for 3 min. and then equilibrated at the folding temperature for an additional 3 min. Folding
was initiated by addition of an equal volume of 2X folding buffer (lX: 50 mM Tris-HC1 (pH 7.5),
10 mM NaC1, 1 mM dithiothreitol, MgC12 at the desired concentration). Aliquots (10 gtl) were
taken at the times indicated and added to 10 l of 1X folding buffer containing oligonucleotide
probe and RNase H (United States Biochemical, final concentration 0.1 U/l) and enough MgC12
to bring the final concentration to 10 mM. Oligonucleotide binding and RNase H cleavage were
allowed to proceed for 30 seconds before the reaction was quenched with 14 gl of stop solution.
When the measurement of five, fifteen, and thirty second time points was necessary, each time
point was measured in a separate reaction. Folding was initiated by adding 5 pl of annealed RNA
to 5 pl of 2x folding buffer, and after the desired time 5 pl was removed and added to 5 pl of 1X
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folding buffer containing oligonucleotide probe and RNase H. The zero time points were obtained
by adding oligonucleotide probe and RNase H in 2X folding buffer and MgC12 (final concentration
10 mM) to the RNA immediately after annealing in a separate reaction. Products were separated on
six percent denaturing polyacrylamide gels and quantitated using a Molecular Dynamics
Phosphorimager. Folding was fit to single or double exponentials using Igor Pro to perform linear
least squares analysis. The goodness of fit was determined from the P 2 value calculated using the
standard deviation from the average of at least three experiments as a weighting factor.
Kinetic Oligonucleotide Hybridization Assay in the Presence of Urea
Ribozyme ( =3 nM final concentration) was annealed in 24 pl of 1X Tris-EDTA by heating at
95"C for 1 min. and cooling at 37"C for 3 min. An equal volume of 2X folding buffer and urea to
desired concentration was added. After folding for the desired time, 4 pl was added to 16 pl of
quench (1X folding buffer containing 50 pM P3 oligonucleotide probe and 0.1U/pl RNase H) and
after 30 seconds at 37"C, 14 pl of stop mix was added. Cleaved and uncleaved ribozyme were
separated using a denaturing 6% polyacrylamide gel. The effect of urea on the Rnase
H/oligonucleotide probe quench was determined by performing a urea titration and measuring the
extent of cleavage at the zero time point. L-21 Sca I was annealed in 4 pl .lx tris-EDTA and
between 0 and 5 M urea. The RNA was then added to 16 pl of quench solution allowed to react
for 30 seconds and stopped by addition of stop mix. Cleavage was greater than 90% for urea
concentrations up to 5 M urea (urea concentration in quench 1 M). At 5 M urea cleavage was still
high (82%). Therefore, at all urea concentrations used in our assay the RNase H/oligonucleotide
probe quench was unaffected by the presence of urea.
Measurement offormation of catalytically active ribozyme structure.
L-21 RNA was prepared for ribozyme activity assays by transcription from plasmid pT7 L-
21, or fast folding mutants, linearized with Sca I. Reactions (100 l) were performed for 3.5
hours at 37C in 40 mM Tris-HCl (pH 7.5), 2 mM spermidine, 10 mM dithiothreitol, 25 mM
MgC12, 4 mM each GTP, CTP, UTP, and ATP with 500 units of T7 RNA polymerase and 10 gg
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of template. Formation of catalytcally active ribozyme structure was measured by annealing
ribozyme (final concentration 20 nM) in 15 l 10 mM Tris-HC1 (pH 7.5), 2 mM NaCi, and adding
an equal volume of 2X folding buffer at desired MgC12 concentration. Folding was allowed
proceed for the desired time before the endonuclease reaction was initiated by adding 15 pl of
folding reaction to 15 ul of substrate mix containing 5'-32P labeled substrate-CCCUCUAAAAA
(final concentration 30 nM substrate, 500 mM GTP, 10 mM MgC12, 10 mM NaC1). When assays
were performed at temperatures other than 37C the ribozyme was annealed by heating to 95C for
1 min, incubated at 37C for 3 min, and incubated at the folding temperature for 3 min, the
endonuclease reaction was performed at 37C. Products were separated on 20 percent denaturing
polyacrylamide gels and the results were quantitated as above. The folding rate was determined by
plotting the extent of substrate cleavage after 30 seconds as a function of the time the ribozyme was
allowed to fold before substrate was added.
Construction of plasmids for three piece ligation system
Plasmids for the transcription of Tetrahymena ribozyme fragments for the three piece
ligation system were constructed using standard PCR methodology. The plasmid encoding the 5'-
fragment was constructed by performing PCR on the pT7L-21 plasmid using a 5'-primer
complimentary to the T7 promoter sequence and the first 27 nucleotides of the L-21 Sca I sequence
and containing a 5' overhang containing a Hind III restriction site, and a 3'-primer complimentary
to nucleotides 73-99 and an overhang containing the Nsi I and BamHI restriction sites. PCR
generated DNA was digested with Hind III and Bam HI, gel purified using agarose gel
electrophoresis and purified using Promega Wizard PCR Preps, and ligated to PUC18 plasmid
also digested with Hind III and Barn HI, gel purified, and dephosphorylated. The plasmid/PCR
ligation mix was used in the chemical transformation of JM109 E. Coli and identified by
sequencing performed using Sequenase kits (United States Biochemical/Amersham) and
recommended protocols. The plasmid containing the 3' fragment was prepared in the same manner
using a 5'-primer complimentary to nucleotides 110-135 and a 5' overhang containing T7
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promotor sequence and a Bam HI restriction site, and a 3' primer complimentary to nucleotides
395-414 and an overhang containing a Hind III restriction site. Once individual transformants
encoding the fragments were identified, a large quantity of the plasmids were prepared using
Wizard Megaprep plasimd prep kits (Promega) and sequenced to ensure the proper plasmid was
prepared.
Preparation of RNA for three piece ligation reaction
L-21 Nsi I RNA and P35' Sca I RNA were prepared by transcription from plasmids pT7L-
21 Nsi I or pT7P35', linearized with Nsi I or Sca I respectively. Reactions (1 mL) were
performed for 3.5 hours at 37"C in 40mM Tris-HCI (pH 7.5), 2 mM spermidine, 10 mM
dithiothreitol, 25 mM MgC12, 4 mM each GTP, CTP, UTP, and ATP with T7 RNA polymerase
prepared in the Williamson laboratory and 100 .tg of template. The reaction was quenched with
stop solution (90 mM EDTA and gel running dyes in 80 percent formamide) and the product
purified on a six percent polyacrylamide gel and electro-eluted using an Elutrap apparatus. After
ethanol precipitation and resuspention in 1 X TE, RNA was quantitated by measuring the OD260
and calculated extinction coefficients.
The fluorescently labeled RNA was prepared on a 1 gM scale using standard RNA
synthesis techniques on an Applied Biosystems DNA synthesizer. Modified bases were included
using deoxy-2-aminopurine phosphoramidite or a modified deoxy-UTP phosphoramidite
containing a 5-carbon chain ending in a primary amine at C-5 (dU*) (both from Glenn Research).
Synthesized RNA was phosphorylated using ATP and polynucleotide kinase (New England
Biolabs). The dU* containing RNA was fluorescein labeled by incubating 1-10 nmols of RNA
with approximately 100 nmols fluorescein isothiocyanate in 100 gl 100 mM NaCarbonate (pH 9),
75% dimethylformamide for 12 hours at 37C in the dark. Excess fluorescein was removed by
ethanol precipitation with five volumes of ethanol and labeled RNA was gel purified on a 20
percent denaturing polyacrylamide gel and eluted by soaking in 1X TE. Labeled RNA was
desalted and further purified using C18 Sep-Pak Columns (Waters).
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Ligation Reactions
Ligation reactions for the three RNAs were performed sequentially. P35'-Sca I RNA and
the fluorescent insert RNA were annealed to the complimentary DNA splint in a 2:1:1 ratio by
heating to 90C for 2 minutes and slow cooling to 37"C over one hour. Ligase buffer (final
concentration 66 mM Tris-HCI (pH 7.6), 6.6 mM MgC12, 10 mM dithiothreitol, 66 ptM ATP),
200 U T4 DNA ligase, and Rnasein ribonuclease inhibitor were added (final volume 300 pl.) and
the reaction was allowed to proceed at room temperature in the dark for 4.5 hours. The reaction
was phenol/chloroform extracted to remove ligase and ethanol precipitated. L-21 Nsi I RNA was
added to the first half ligation at a 2:1 molar ratio and annealed to the DNA splint by heating to
90°C for 2 minutes and slow cooling to 37°C over one hour. Ligation buffer and ligase were
added as for the first ligation reaction and the reaction was allowed to proceed for 4.5 hours at
room temperature in the dark. The reaction was phenol/chloroform extracted and purified on a 6
percent denaturing polyacrylamide gel. Full length, labeled RNA was isolated and soaked in
1XTE, .3 M sodium acetate and ethanol precipitated. The RNA was quantitated by OD260.
Fluorescence Experiments
Fluorescence experiments were performed using either steady state or stopped flow
fluorimetry. Steady state kinetic experiments had a dead time of approximately 10 seconds.
Folding of fluorescently labeled ribozyme (10-100 nM, 500 pl.) in 10 mM Tris-HC1 (pH 7.5), 10
mM NaC1 was initiated by the addition of MgC12 (10 pl) to a final concentration of 10 mM.
Fluorescein fluorescence was monitored with an excitation wavelength of 495 nm and an emission
wavelength of 520 nm. 2-aminopurine fluorescence was monitored with an excitation wavelength
of 310 nm and emission wavelength of 370 nm. The fluorescence baseline in the absence of
magnesium was subtracted from data and data were fit to either a single or double exponential as
appropriate. Stopped flow experiments were only performed on the fluorescein labeled samples.
Samples were mixed in a 1:1 ratio with a 20 mM MgCl 2 , 20 mM Tris-HCI (pH 7.5), 20 mM NaCl
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solution to give a final MgC12 concentration of 10 mM. Samples were excited at 480 nm and
emission was monitored using a 495 nm bandpass filter.
Equilibrium magnesium binding was monitored by the serial addition of 1 pl of magnesium
solutions at the appropriate concentration to give the desired final magnesium concentration to a
solution of the labeled ribozyme (10-100 nM, 500 gl). Solutions were allowed to equilibrate until
no more change occurred in the fluorescence spectra. The equilibrium endpoint from each
magnesium concentration were fit to an expression of two state binding of n Mg2+ ions
[f=l/{ [Mg 2+]/[Mg2+] 1/2)n+l)], where f is the fraction fluorescence change [(Ft-Fi)/(Ff-Fi) where
Ft is the fluorescence intensity at time t, Fi is the initial fluorescence intensity, and Ff is the final
fluorescence intensity], n is the number of magnesium ions bound per RNA molecule, and
[Mg2+]1/ 2 is the midpoint of the transition.
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